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FOREWORD 


In  the  mid-1990s  the  US  Air  Force  and  the  Air  National  Guard  began  using  JP-8  containing  a  ther¬ 
mal  stability-improving  additive,  Spec-Aid  8Q462,  in  truck-refueled  aircraft.  Manufactured  by  GE  Betz 
(formerly  Betz  Chemical  and  Betz  Dearborn),  this  additive  was  selected  from  hundreds  of  additives 
tested  during  a  5-year  evaluation  period  by  AFRL/PRTG  (now  AFRL/RZPF)  and  The  University  of 
Dayton  Research  Institute  (UDRI).  Fuel  containing  this  additive  was  designated  JP-8+100  -  signifying 
the  improvement  in  fuel  thermal  stability  by  up  to  100  °F. 

After  nearly  a  decade  in  the  field,  the  Defense  Energy  Support  Center  (DESC)  sought  assistance 
from  the  Fuels  Branch  (now  Fuels  and  Energy  Branch)  at  AFRL  to  develop  and  evaluate  a  ‘Next 
Generation’  JP-8+100  additive  that  could  be  fielded  as  a  drop-in  alternative  to  the  currently  used  Spec- 
Aid  8Q462.  In  response  to  the  DESC  request,  AFRL  proposed  a  multi-phase  program  to  develop,  evalu¬ 
ate  and  approve  one  or  more  additives  meeting  the  goals  of  the  program.  In  Phase  I,  additive  manufac¬ 
tures  were  solicited  for  candidates  for  evaluation.  Candidate  additives  were  screened  for  their  impact  on 
fuel  thermal  stability  using  an  array  of  bench  and  rig-scale  test  devices.  Those  candidate  additives  that 
were  found  to  provide  thermal  stability-enhancing  performance  equivalent  to  or  better  than  the  exist¬ 
ing  Spec-Aid  8Q462  additive  were  evaluated  in  a  Phase  II  program  where  additives  would  be  studied 
to  determine  their  impact  on  fuel  properties  and  characteristics.  The  goal  of  this  broader-scope  program 
would  be  to  approve  qualifying  additives  as  drop-in  alternatives  to  Spec-Aid  8Q462. 

This  report  describes  the  thermal  stability  testing  and  evaluation  of  four  additives  that  were  down- 
selected  from  several  candidates  from  several  additive  manufactures  each  of  which  give  thermal  stability 
improvements  at  least  as  good  as  the  currently  approved  and  qualified  additive,  Spec-Aid  8Q462. 
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1.  Executive  Summary 


In  the  mid-1990s  the  US  Air  Force  and  the  Air  National  Guard  began  using  JP-8  containing  a  ther¬ 
mal  stability  improving  additive,  Spec-Aid  8Q462,  in  truck-refueled  aircraft.  This  additive,  manufactured 
by  GE  Betz  (formerly  Betz  Chemical  and  Betz  Dearborn)  was  selected  from  hundreds  of  additives  tested 
during  a  5-year  evaluation  period  by  AFRL/PRTG  (now  AFRL/RZPF)  and  The  University  of  Dayton 
Research  Institute  (UDRI).  Fuel  containing  this  additive  was  designated  'JP-8+100'  -  signifying  the 
improvement  in  fuel  thermal  stability  by  up  to  100  °F. 

After  nearly  a  decade  in  the  field,  the  Defense  Energy  Support  Center  (DESC)  sought  assistance 
from  AFRL's  Fuels  Branch  (now  Fuels  and  Energy  Branch)  at  AFRL  to  develop  and  evaluate  a  ‘Next 
Generation’  JP-8+100  additive  that  could  be  fielded  as  a  drop-in  alternative  to  the  currently  used  Spec- 
Aid  8Q462.  In  response  to  the  DESC  request,  AFRL  proposed  a  multi-phase  program  to  develop,  evalu¬ 
ate  and  approve  one  or  more  additives  meeting  the  goals  of  the  program.  In  Phase  I,  additive  manufac¬ 
tures  would  be  solicited  for  candidates  for  evaluation.  Candidate  additives  would  be  screened  for  their 
impact  on  fuel  thermal  stability  using  an  array  of  bench  and  rig-scale  test  devices.  If  any  of  the  candidate 
additives  were  found  to  provide  thermal  stability-enhancing  performance  equivalent  to  or  better  than  the 
existing  Spec-Aid  8Q462  additive,  a  Phase  II  program  would  be  initiated  to  perform  a  broader-scoped 
evaluation  of  the  additive  to  determine  the  additive’s  impact  on  fuel  properties  and  characteristics.  The 
goal  of  this  broader-scope  program  would  be  to  approve  qualifying  additives  as  drop-in  alternatives  to 
Spec-Aid  8Q462. 

This  report  describes  the  results  of  testing  and  evaluation  of  candidate  additives  that  give  thermal 
stability  improvements  at  least  as  good  as  the  currently  approved  and  qualified  additive,  Spec-Aid 
8Q462. 

In  summary,  the  following  additive  candidates  were  determined  to  have  the  same  or  better  thermal 
stability  performance  in  JP-8  fuel  as  the  currently  approved  additive,  Spec-Aid  8Q462. 

•  BP/Lubrizol  OS  169558F,  designated  in  this  study  as  additive  P39 

•  Nalco  VX-7603,  designated  in  this  study  as  additive  P44 

•  Infineum/ExxonMobil  NB3 101 1-33  (as  of  the  publication  of  this  document,  Infineum  has  adopt¬ 
ed  the  commercial  designation  of 'AVI 00'),  designated  in  this  study  as  additive  P47 

•  BASF  Kerocom  69781,  designated  in  this  study  as  additive  P50  (as  of  the  publication  of  this 
document,  BASF  has  adopted  the  commercial  designation  of 'Kerojet®  100'  for  this  additive) 

These  additives  along  with  Spec- Aid  8Q462  (designated  in  this  study  as  additive  P41)  are  recom¬ 
mended  for  further  evaluation  in  the  Phase  II  Fit-For-Purpose  and  Specification  Compliance  Testing. 
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2.  Background 

In  addition  to  providing  the  propulsion  energy  for  flight,  military  turbine  engine  aviation  fuel  (JP- 
8,  MIL-DTL-83 133F)  is  also  used  as  the  primary  heat  sink  in  current  and  advanced  military  aircraft  to 
provide  necessary  cooling  of  critical  systems.  The  heat  that  is  added  to  the  fuel  by  these  various  cooling 
processes  can  cause  bulk  fuel  temperatures  to  become  significantly  elevated  -  often  in  excess  of  300- 
325°F  in  some  areas  of  the  fuel  system.  In  addition,  this  same  fuel  can  be  exposed  to  fuel  wetted-wall 
surface  temperatures  in  excess  of  500  °F.  When  any  hydrocarbon-based  fuel  is  exposed  to  these  kinds  of 
temperatures,  thermal  oxidation  begins  to  take  place  as  the  oxygen  which  is  dissolved  in  the  fuel  begins 
to  react  with  fuel  components.  ^  These  thermal  oxidation  reactions  lead  to  the  formation  of  gums,  var¬ 
nishes  and  hard  carbon  deposits  in  various  parts  of  the  fuel  system  and  are  commonly  referred  to  as  4 coke’ 
or  ‘fouling’.  Depending  upon  the  temperature  regime  to  which  the  fuel  is  exposed,  the  fuel  can  exhibit 
different  deposition  characteristics.  In  the  550  °F  and  below  range,  deposition  is  mainly  characterized 
as  ‘oxidative’  -  where  deposition  is  formed  through  a  series  of  reactions  involving  free-radicals,  perox¬ 
ides  and  oxygen  dissolved  in  the  fuel.  At  temperatures  of  900  °F  and  higher,  deposition  is  characterized 
as  ‘pyrolytic’  -  where  the  fundamental  reactions  involve  the  breaking  of  molecular  hydrocarbon  chains 
instead  of  undergoing  the  reactions  characteristic  of  oxidative  deposition  (See  Figure  1).  Regardless  of 
the  temperature  range  and  method  of  formation,  these  deposits  represent  a  significant  detriment  to  the 
performance  of  aircraft  engines  and  flight  systems.  Aircraft  engine  and  airframe  maintainers  are  forced  to 
perform  periodic  maintenance  actions  on  many  fuel  system  and  engine  hot  section  components  as  a  result 
of  this  coke. 

Deposition  is  The  Significant  Challenge  for  High  Heat  Sink  Fuels 
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Figure  1.  Deposition  Characteristics  by  Temperature  Regime 

Coke  present  in  an  aircraft  system,  particularly  the  engine,  lowers  the  on-wing  time  of  engines  and 
can  result  in  significant  damage  to  engine  hot  section  components  if  not  properly  maintained.  Even  with 
proper  scheduled  maintenance,  the  presence  of  coke  in  any  part  of  the  aircraft  or  engine  system  always 
has  a  deleterious  effect  upon  performance,  reliability,  maintainability  and  longevity.  Ultimately,  the  net 
result  of  coking  and  the  effort  required  to  remove  it  from  aircraft  systems  is  increased  maintenance  costs 
Each  time  an  engine  is  removed  from  an  aircraft  for  maintenance,  a  fixed  minimum  cost  is  incurred.  De¬ 
pending  on  the  type  of  engine  involved,  the  type  of  maintenance  required  and  the  location  of  coke  in  the 

1  Ervin  J.S.,  Williams,  IF.,  Henegan,  S.R  and  Zabarnick,  S.,  "The  Effects  of  Dissolved  Oxygen  Concentration,  Fractional  Oxygen 
Consumption  and  Additives  on  JP-8  Thermal  Stability"  Accepted  for  Presentation  at  ASME  International  Gas  Turbine  Institute,  Birmingham, 
England,  1996 
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engine,  hundreds  of  thousands  of  dollars  may  be  expended  to  return  an  engine  to  service. 

As  current  aircraft  are  updated  with  new  and  improved  capabilities  and  as  next-generation  aircraft  are 
developed  and  deployed,  the  cooling  requirement  which  the  fuel  is  expected  to  supply  is  rapidly  increas¬ 
ing^  (See  Figure  2).  Since  fuel  is  used  as  a  coolant  medium  for  aircraft  systems,  and  the  amount  of  cool¬ 
ing  available  is  dependent  upon  the  fuel  flow  rates  within  the  aircraft  system,  this  problem  is  compounded 
by  reduction  in  fuel  consumption  rates  of  newer  aircraft  versus  legacy,  currently  fielded  systems.  The  heat 
sink  or  cooling  capacity  provided  by  the  fuel  is  directly  related  to  the  fuel  flow  rates  through  the  system. 
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Figure  2.  Engine  Thermal  Heat  Loads  -  Legacy  and  Future  Aircraft  Systems 


So,  at  the  same  time  that  the  heat  dissipation  requirements  are  increasing,  the  reduction  of  fuel  consump¬ 
tion  rates  means  that  there  is  less  fuel  flowing  in  the  system  that  can  be  used  to  absorb  this  heat  -  resulting 
in  higher  fuel/fuel  system  component  temperatures.  This  is  a  vicious  cycle.  Higher  fuel  and  fuel  system 
component  temperatures  lead  to  more  coking  —  and  more  coking  leads  to  higher  fuel  system  tempera¬ 
tures,  reduced  thermal  management  system  performance  and  therefore  higher  fuel  temperatures  which 
leads  to  . . .  etc. 

In  1990,  AFRL/PRTG  (now  AFRL/RZPF)  formed  a  multi-organizational  working  group  represent¬ 
ing  Government,  Academia  and  Industry  to  develop  a  high  thermal  stability  fuel  (JP-8+100)  with  a  goal 
of  providing  a  100  °F  increase  in  fuel  thermal  stability  and  therefore  a  resultant  50%  improvement  in  the 
heat  sink  capability  over  conventional  JP-8.  Although  hundreds  of  additives  were  evaluated  during  this 
program,  only  one  additive,  GE  Betz  Spec-Aid  8Q462,  was  ultimately  successful  in  qualifying  for  use 
as  a  thermal  stability  enhancing  additive^.  The  fuel  resulting  from  the  addition  of  this  approved  additive 
at  256  mg/L  is  designated  as  JP-8+100.  This  additized  fuel  was  first  fielded  in  1994  with  the  Oregon  Air 
National  Guard  located  at  Klamath  Falls,  Oregon.  Since  that  time,  no  other  additive  has  been  approved 
for  use  as  a  +100  additive. 

In  the  last  decade  that  the  currently  approved  additive  has  been  used  in  the  field,  Users  have  been 
consistently  reluctant  to  use  the  approved  +100  additive.  While  it  has  been  conclusively  shown  in  study 

2  Harrison,  WE.  Ill,  "Aircraft  Thermal  Management:  Report  of  the  Joint  WRDC/ASD  Aircraft  Thermal  Management  Working  Group", 
WRDC-TR-90-2021,  1990 

3  Anderson,  S.D.,  Harrison,  W.E.III,  Edwards,  J.T.,  Morris,  R.W.Jr.,  Shouse,  D.T.,  "Development  of  Thermal  Stability  Additive  Packages 
for  JP-8",  Paper  for  5  th  International  Conference  on  Stability  and  Handling  of  Liquid  Fuels,  Rotterdam,  the  Netherlands,  October  1994 
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after  study  that  there  are  measurable  benefits  to  using  the  additive  in  terms  of  aircraft/engine  maintenance 
and  operation,  there  has  always  been  a  concern  that  since  the  GE  Betz  additive  contains  a  detergent  dis¬ 
persant  as  a  part  of  the  active  formulation,  this  detergent  dispersant  might  decrease  the  water  separation 
effectiveness  of  filter  coalescers.  While  there  was  no  technical  data  to  support  this  concern,  neither  was 
there  data  to  refute  it.  This  lack  of  data  has  led  to  the  fear  of  a  particular  behavior  as  the  driving  factor  for 
constraints  on  logistics  related  to  aircraft  defuels  and  fuel  RTB’s  (Return  to  Bulk).  Because  of  this,  some 
Users  have  been  less  than  enthusiastic  in  their  embrace  of  this  new  additive  technology.  In  the  ensuing 
decade  and  a  half  since  the  introduction  of  Spec-Aid  8Q462,  this  data  gap  has  been  closed  and  it  has  now 
been  shown  that  Spec-Aid  8Q462  has  no  worse  an  impact  on  filter  coalescer  performance  when  compared 
to  non-additized  Jet  A  than  standard  JP-8^.  During  the  program  described  in  this  technical  report,  RZPF 
has  accomplished  preliminary  testing  on  selected  additive  supplied  by  several  additive  manufacturers 
(OEMs).  Some  candidate  additives  not  only  improve  thermal  stability  equivalent  to  or  better  than  Spec- 
Aid  8Q462,  they  even  claim  improved  water  separation  performance.  If  these  claims  can  be  substantiated, 
then  these  new  candidate  additives  may  offer  substantial  potential  for  offering  improved  thermal  stabil¬ 
ity  performance  without  some  of  the  logistical  penalties  of  the  currently  approved  additive.  Additionally, 
at  a  time  when  there  is  consideration  being  given  to  making  Jet  A  the  Air  Force  standard  fuel  and  then 
additizing  at  User  location  to  meet  operational  and  weapon  system  needs,  it  will  be  vitally  important  that 
potential  additive  negative  effects  and  the  additization  process  be  as  transparent  to  User  operations  as  pos¬ 
sible.  If  a  +100  additive  can  be  found  that  does  not  have  the  water  separation  concerns  of  the  current  +100 
additive,  it  becomes  infinitely  more  feasible  to  accomplish  additive  injection  at  the  Using  location  without 
concern  that  the  additive  will  adversely  affect  filter/coalescer  function  and  performance. 

From  a  logistical  cost  perspective,  the  availability  of  only  one  approved  +100  additive  increases  the 
cost  to  DoD  and  decreases  the  flexibility  of  fuel  logistics  and  field  operations  in  the  field  and  in  deployed 
areas.  The  approval  of  additional  additives  for  use  in  JP-8+100  should  reduce  additive  procurement  costs 
and  increase  additive  availability.  Without  an  alternate  additive  or  additives  to  bring  competition  to  the 
additive  market,  there  is  little  incentive  for  a  single  additive  manufacturer  to  consider  an  alternate  pricing 
structure.  However,  if  one  or  more  alternate  additives  can  be  approved  for  use,  the  resulting  competition 
could  result  in  a  significant  lowering  of  additive  costs  -  resulting  in  potentially  significant  savings. 

Ultimately,  the  suitability  of  an  additive  for  use  in  JP-8+100  is  based  not  only  on  thermal  stability 
improving  performance,  but  also  on  chemical  and  functional  characteristics  as  well  as  compatibility  with 
existing  additives  and  fuel  system  materials.  Fieldability  characteristics  —  such  as  water  separation,  filtra¬ 
tion  performance,  fungibility  with  existing  additives  and  fuel  delivery  systems  as  well  as  detectability  in 
the  field,  performance  in  combustor  and  nozzle  tests,  and  altitude  relight  characteristics  are  critical  ele¬ 
ments  that  determine  an  additive’s  ultimate  acceptability.  Such  an  evaluation  requires  a  program  far  more 
substantial  in  scope  and  cost  than  this  Phase  I  program.  Therefore,  the  scope  of  this  Phase  I  program  was 
limited  to  three  tasks. 

In  Task  1.  candidate  additives  were  evaluated  to  determine  their  impact  on  fuel  thermal  stability.  Each 
candidate  additive  was  evaluated  in  accordance  with  the  accepted  JP-8+100  thermal  stability  evaluation 
protocol.  To  successfully  complete  this  Task,  candidate  additives  were  required  to  exhibit  thermal  stability 
improving  performance  greater  than  or  equal  to  the  thermal  stability  improving  performance  of  the  cur¬ 
rently  approved  Spec-Aid  8Q462  when  evaluated  under  the  testing  protocol  established  for  this  program. 
The  details  of  the  protocol  for  this  task  are  given  in  the  section  of  this  report  discussing  experimental  pro¬ 
cedures  and  results.  Additive  candidates  which  successfully  passed  the  evaluation  protocol  were  further 
evaluated  in  Tasks  2  and  3. 


4  Besse,  G.B.,  Buckingham,  J.P.,  Hughes,  V,  “Southwest  Research  Institute®  Aviation  Fuel  Filtration  Cooperative  R&D  Program  - 
Final  Report”,  SwRI®  Project  No.  08-10844,  January  2006 
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In  Task  2.  inter-additive  compatibility  was  evaluated.  This  consisted  of  evaluation  of  additive  inter¬ 
compatibility  while  blended  in  fuel.  Since  there  would  be  the  possibility  of  one  or  more  approved  addi¬ 
tives  being  combined  in  their  raw,  as-delivered  form  in  the  field,  compatibility  studies  were  extended  to 
an  evaluation  of  co-mingled  additives  in  their  manufactured,  as-delivered  form.  The  details  of  the  proto¬ 
col  for  this  task  given  in  the  section  of  this  report  discussing  experimental  procedures  and  results. 

In  the  field,  there  is  always  the  possibility  that  fuel  can  be  additized  incorrectly  -  resulting  in  additive 
concentrations  far  less  or  far  more  than  the  recommended  dosages.  Since  additization  below  recommend¬ 
ed  parameters  poses  no  risk  to  the  aircraft,  effects  of  additization  at  levels  below  recommended  treat  rates 
were  not  investigated.  However,  in  cases  of  over-additization,  there  is  always  a  concern  that  this  could 
cause  a  degradation  of  fuel  properties  and  fuel  thermal  stability  performance  -  resulting  in  increased  risk 
to  the  aircraft.  Therefore,  additives  that  showed  no  inter-compatibility  issues  in  Task  2  were  evaluated  in 
Task  3  -  a  study  of  the  effects  of  additive  concentration.  The  details  of  the  protocol  for  this  task  are  given 
in  the  section  of  this  report  discussing  experimental  procedures  and  results. 
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3.  Experimental  Results 


3.1  Program  Fuels 

A  range  of  fuels  were  selected  and  used  for  this  program  -  representing  JP-8s  and  Jet  As  of  various 
thermal  stability  levels.  As  will  be  described  later  in  this  section,  a  baseline  fuel  was  established  for  each 
test  device  to  maximize  the  fidelity  of  that  particular  test  for  thermal  stability  performance  evaluation. 

In  the  small  bench-scale  tests  requiring  small  amounts  of  fuel,  it  was  possible  to  establish  a  baseline  fuel 
and  stay  with  this  baseline  for  the  duration  of  the  Phase  I  testing.  However,  in  test  rigs  requiring  larger 
amounts  of  fuel,  it  was  not  possible  to  keep  the  same  baseline  fuel  for  the  entire  program.  Where  a  fuel 
change  was  required,  a  baseline  fuel  was  selected  that  was  equivalent  to  the  fuel  it  was  replacing  with 
respect  to  thermal  stability.  The  list  of  fuels  used  in  this  Phase  I  program  are  given  below  along  with  a 
brief  description  of  the  origin,  age  and  characteristics  of  the  fuel.  It  is  worth  noting  that  the  majority  of  the 
thermal  stability  testing  for  this  program  occurred  during  2005  -  2006. 

POSF-3084  (Jet A)-  a  commercial  Jet  A,  circa  1994.  This  fuel  was  considered  to  be  a  difficult 
to  treat  fuel  from  a  thermal  stability  standpoint.  It  was  available  in  limited  quantity  and  was  used  as  a 
baseline  fuel  by  both  the  Extended  Duration  Thermal  Stability  Test  (EDTST)  and  Isothermal  Corrosion 
Oxidation  Tester  (ICOT).  When  the  supply  of  this  fuel  ran  low,  it  was  no  longer  used  on  the  EDTST  and 
the  remaining  quantity  of  the  fuel  was  isolated  and  reserved  for  the  ICOT  exclusively.  In  the  EDTST,  this 
fuel  was  replaced  by  POSF-2827. 

POSF-3773  -  a  standard  garden-variety  JP-8  (circa  2000)  received  from  WPAFB  flightline.  Used  as  a 
baseline  fuel  in  the  ICOT. 

POSF-3804  -  another  garden-variety  JP-8  (circa  2000)  received  from  the  WPAFB  flightline.  This  fuel 
was  also  used  as  a  baseline  for  the  ICOT. 

POSF-3166  -  an  AMOCO  Jet  A  (circa  1995).  This  fuel  is  used  exclusively  by  the  Quartz  Crystal 
Microbalance  (QCM)  as  a  baseline  fuel. 

POSF-2827  -  a  commercial  Jet  A  (circa  1991).  This  fuel  was  considered  to  be  one  of  the  nastiest 
fuels  in  the  inventory  due  to  its  age  and  water  contamination  level.  This  fuel  had  significant  entrained 
water  and  water  bottoms  in  the  storage  tank.  It  was  primarily  used  as  a  hard-to-treat  baseline  fuel  for  the 
EDTST.  Prior  to  using  this  fuel  in  the  EDTST,  drum  quantities  were  allowed  to  stand  to  allow  the  water  to 
settle  out. 

POSF-4177  -  another  garden-variety  JP-8  (circa  2002)  received  from  the  WPAFB  flightline.  This  fuel 
was  used  as  the  baseline  fuel  for  both  the  EDTST  and  the  Advanced  Reduced  Scale  Fuel  System  Simula¬ 
tor  (ARSFSS).  When  the  supply  of  this  fuel  was  depleted,  it  was  replaced  by  POSF-4751  -  another  JP-8 
from  the  WPAFB  flightline. 

POSF-4751  -  a  garden-variety  JP-8  of  moderate  thermal  stability  (circa  2004).  This  fuel  replaced 
POSF-4177  as  the  baseline  fuel  for  both  the  EDTST  and  ARSFSS  when  4177  was  depleted. 

In  the  case  of  fuel  3084  (Jet  A),  this  fuel  was  converted  to  a  4  JP-8’  for  testing  by  additizing  with  the 
standard  military  additive  package  (See  Appendix  A).  For  this  program,  the  standard  military  additive 
package  consisted  of  Fuel  System  Icing  Inhibitor  (FSII)  (consisting  of  100%  diethyleneglycol  monometh- 
ylether  -  DiEGME)  added  to  the  fuel  at  a  minimum  of  0. 1 1  volume  percent,  Static  Dissipater  Additive 
(SDA)(STADIS®  450)  dosed  to  the  fuel  at  a  rate  of  between  1.5  and  2.5  mg/F  of  fuel,  and  a  Corrosion 
Inhibitor/Fubricity  Improver  (CI/FI)  dosed  at  16  mg/F  fuel  and  finally,  Antioxidant  (AO)  at  a  rate  of  20 
mg/F 
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3.2  Test  Rigs  and  Testing  Protocols 


When  the  initial  evaluations  of  JP-8+100  candidate  additives  began  in  the  late  1980’s  there  was  no 
specific  protocol  established  to  provide  a  way  of  measuring  the  degree  of  success  of  a  particular  addi¬ 
tive.  Most  of  the  work  that  was  done  in  that  program  involved  breaking  new  ground  with  regard  to  testing 
equipment  and  methodologies.  For  this  program,  researchers  reviewed  over  a  decade  of  experience  and 
established  a  logical  methodology  for  qualifying  candidate  additives  as  alternates  to  the  existing  +100  ad¬ 
ditive.  Figure  3  represents  the  testing  and  evaluation  protocol  that  was  established  at  the  beginning  of  this 
program.  This  protocol,  with  exception  of  using  the  ALCOR  Hot  Liquid  Processing  System  (HLPS)  test, 
was  followed  for  the  duration  of  this  Phase  I  effort  in  order  to  assure  consistency  of  test  methods  and  re¬ 
sults.  The  use  of  the  HLPS  was  discontinued  as  a  protocol  test  due  to  the  unavailability  of  that  test  within 
the  program’s  resources.  The  red  line  in  the  Figure  3  diagram  represents  the  portion  of  the  protocol  that 
was  exercised  during  this  Phase  I  program. 
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Figure  3.  Testing  Protocol  For  Candidate  Additives 


For  each  test  represented  in  the  outlined  portion  of  the  protocol  in  Figure  3,  exit  criteria  were  es¬ 
tablished  based  on  past  experience.  Recognizing  that  the  exit  criteria  was  dependent  upon  the  particular 
nature  and  characteristics  of  the  test,  Baseline  Fuel  Selection  Criteria  were  also  established  for  each  test 
based  on  decades-worth  of  experimental  experience.  These  criteria  are  shown  in  Figure  4. 


As  illustrated  by  the  protocol  flow  depicted  in  Figure  3,  the  evaluation  testing  was  accomplished  in 
a  hierarchical  fashion.  Not  just  any  additive  was  evaluated.  In  order  to  be  considered  for  entry  into  this 
program,  the  additive  manufacture  was  asked  to  provide  thermal  stability  data  based  on  whatever  testing 
protocol  and  apparatus  was  available  to  them.  This  thermal  stability  information  was  used  to  determine 
if  the  additive  had  sufficient  potential  to  merit  being  included  in  this  program.  Once  this  potential  was 
determined,  upon  receipt,  an  additive  was  first  evaluated  in  the  Isothermal  Corrosion  Oxidation  Tester 
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Test  Method 

Baseline  Fuel  Selection 
Criteria 

General  Acceptance  Criteria 

ICOT 

•Deposition  between  50  and  200  mg/L 
•For  information  on  currently  accepted 
baselinefuels,  contact  AFRL/PRTG 

•Reduces  deposition  to  <=  20  mg/L  in 
any  two  out  of  three  accepted  baseline 
fuels 

QCM 

•Max  Deposition:  3-10  pg/cm2 

•For  information  on  currently  accepted 

baselinefuels,  contact  AFRL/PRTG 

•<=  1 .0  pg/cm2  in  accepted  baseline  fuel 
OR 

•At  least  as  good  as  the  currently 
accepted  +100  additive  in  the  accepted 
baseline  fuel 

EDTST 

•At  350  °F  bulk  fuel  temperature  and  500 
°F  wetted  wall  temperature 

•  Preheater  max  deposit  >  5  and  <20  pg/cm2 

•  Heater  max  deposit  >  1000  pg/cm2 

•  7-micron  filter  >  1 0,000  pg 

•At  375  °F  bulk  fuel  temperature  and  500 
°F  wetted  wall  temperature 

•  Preheater  max  deposit  <=  8  pg/cm2 

•  Heater  max  deposit  <=  300  pg/cm2 

•  Cold  Visual  Strip  —  clean  to  slight 

•  Hot  Visual  Strip  — clean  to  slight 

ARSFSS 

•Typical  on-spec  JP-8  Fuel 

Meets  or  exceeds  when  compared  to 
currently  accepted  +100  additive  by 
direct  comparison 

Figure  4.  Additive  Evaluation  Acceptance  Criteria 

(ICOT)  and  the  Quartz  Crystal  Microbalance  (QCM)  since  these  are  fairly  rapid  turn-around  tests  and 
require  minimal  fuel/additive.  For  details  regarding  the  operating  conditions  for  the  ICOT  and  QCM,  see 
the  appropriate  appendices  for  these  devices  at  the  end  of  this  report. 

If  an  additive  candidate  failed  to  meet  the  acceptance  criteria  for  either  the  ICOT  or  the  QCM,  the 
additive  was  rejected  and  the  manufacture  notified.  In  many  cases,  the  manufacture  responded  with  a 
completely  new  or  slightly  adjusted  formulation  —  depending  upon  the  results  of  these  two  tests.  Any  re¬ 
submitted  additive  was  evaluated  again  from  the  start  of  the  protocol. 

If  the  additive  met  acceptance  criteria  as  shown  in  Figure  4  in  both  of  these  tests,  it  was  then  evalu¬ 
ated  in  the  Extended  Duration  Thermal  Stability  Test  (EDTST).  The  EDTST  more  closely  represents 
the  conditions  present  in  actual  aircraft  fuel  systems  therefore  providing  a  more  realistic  simulation  than 
small  bench-scale  devices.  As  a  result  of  this  more  realistic  simulation,  it  was  not  uncommon  for  an  addi¬ 
tive  to  pass  the  exit  criteria  for  both  the  ICOT  and  QCM  yet  not  pass  in  the  EDTST.  Although  not  specifi¬ 
cally  required  by  the  protocol,  we  found  it  advantageous  to  evaluate  additives  in  the  EDTST  using  more 
than  one  fuel  baseline  fuel  -  thereby  demonstrating  additive  performance  in  fuels  with  a  range  of  thermal 
stability  characteristics. 

The  operational  conditions  for  the  EDTST  were  dependent  upon  whether  the  fuel  was  additized  or 
not.  For  non-additized  fuel  baseline  runs,  the  temperatures  of  350  °F  bulk  fuel  temperature  and  400  °F 
wetted  wall  temperature  (to  more  fully  understand  the  significance  of  these  temperatures  and  their  loca¬ 
tions  in  the  rig,  see  Appendix  D  -  Extended  Duration  Thermal  Stability  Test).  For  an  additive  run,  to 
demonstrate  the  effect  of  the  additive  on  thermal  stability,  the  bulk  fuel  temperature  was  increased  to 
375  °F  and  wetted  wall  temperatures  were  increased  to  500  °F.  At  the  end  of  the  test,  carbon  deposition 
in  the  preheater  and  heater  tubes  was  determined  by  Leco  Carbon  Analyzer.  Witness  strips,  showing  bulk 
fuel  deposition  in  both  ‘cold’  and  ‘hot’  areas  were  also  examined  and  compared.  As  further  demonstra¬ 
tion  of  the  effect  of  the  additive  under  test,  sometimes  the  baseline  non-additized  fuel  was  tested  at  the 
additized  fuel  test  conditions  of  375  °F  bulk  fuel  temperature  and  500  °F  wetted  wall  temperature  condi¬ 
tions.  In  these  cases,  the  test  was  typically  only  run  for  only  24  hours  instead  of  the  normal  96  hours.  This 
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was  because  these  elevated  temperatures  caused  so  much  deposition  in  the  non-additized  fuel  that  after  24 
hours  the  EDTST  operation  and  control  would  become  severely  impacted  by  extensive  deposition  and  the 
test  would  have  to  be  terminated. 

Once  an  additive  had  passed  in  the  EDTST,  the  next  step  was  to  run  it  in  the  Advanced  Reduced  Scale 
Fuel  System  Simulator  (ARSFSS).  The  ARSFSS  is  a  detailed,  l/72nd  scale  rig  that  simulates  the  airframe 
and  engine  fuel  systems  for  a  high  performance  aircraft.  In  the  engine  simulator,  some  actual  engine  com¬ 
ponents  are  used  where  appropriate.  The  ARSFSS  ‘flies’  missions  -  where  each  mission  represents  a  typi¬ 
cal  generic  durability  cycle  that  the  aircraft  might  experience  in  the  real  world.  Simulation  points  include 
Ground  Idle,  Take-off,  Cruise,  High  Power  Cruise,  Fow  Power  Cruise  and  Idle  Descent.  A  complete  run 
consisted  of  a  total  of  65  of  these  generic  durability  test  cycle  missions.  The  fuel  flow  profile  for  a  typi¬ 
cal  mission  is  shown  in  Figure  5.  In  this  figure,  the  core  fuel  flow  represents  fuel  flow  through  the  engine 
to  the  combustor  nozzles  that  is  used  for  propulsion.  The  recirculation  fuel  flow  is  flow  that  is  recycled 
from  some  point  in  the  engine/airframe  fuel  system  back  to  the  airframe  tanks  and  represents  fuel  flow 
that  is  primarily  used  for  system  cooling  purposes.  At  the  conclusion  of  the  run,  carbon  deposition  analy¬ 
sis  by  Feco  Carbon  Analyzer  was  performed  on  fuel  tubes  from  the  Fuel  Cooled  Oil  Cooler  (FCOC)  and 
the  Burner  Feed  Arm  (BFA).  In  addition,  valve  hysteresis  measurements  were  determined  for  the  Servo 
Valve  (SV)  and  the  Flow  Divider  Valve  (FDV).  The  Servo  Valve  was  used  to  control  the  rate  of  recircula¬ 
tion  fuel  flow  and  represents  an  item  that  sees  relatively  low  temperature  fuel.  However,  it  does  see  fuel 
whose  temperature  has  been  at  that  lower  temperature  for  an  extended  time.  The  Flow  Divider  Valve 
represents  the  valve  located  in  the  combustor  nozzle  that  controls  fuel  flow  between  primary  and  second¬ 
ary  nozzle  orifices.  At  this  location,  the  fuel  is  at  a  significantly  elevated  temperature  but  it  has  been  at 
this  temperature  for  a  very  short  time.  For  both  of  these  valves,  post-test  valve  hysteresis  was  compared  to 
pre-test  valve  hysteresis  to  assess  the  impact  of  deposition  on  valve  performance.  In  addition  to  engineer¬ 
ing  measurements  on  simulator  components,  many  of  the  components  were  photographed  for  comparison 
to  clean,  new  components.  This  provided  an  estimate  of  the  amount  of  visual  deposition  in  these  compo- 


Recirculation,  Core  and  Total  Fuel  Flows 
Typical  Additive  Evaluation  Mission 


Mission  Time,  Minutes 


^^“Total  Flow  ^^“Core  Flow  ^^“Recirc  Flow 


Figure  5.  Generic  Durability  Test  Cycle  Mission 
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nents. 


3.3  Task  1  -  Additive  Thermal  Stability  Evaluation 

Armed  with  an  overall  testing  protocol,  Baseline  Fuel  Selection  Criteria,  Test  Operation  Parameters 
and  General  Acceptance  Criteria,  evaluation  of  candidate  additives  submitted  by  multiple  manufactures 
was  begun.  Over  the  course  of  this  Phase  I  program,  dozens  of  additive  candidates  were  submitted  by 
additive  manufactures.  Some  manufactures  submitted  multiple  formulations  of  candidate  additives  for 
consideration.  In  many  cases,  reformulations  and  reformulations  of  reformulations  were  evaluated. 

In  the  end,  only  three  of  the  candidate  additives  were  selected  by  virtue  of  passing  all  the  appropriate 
criteria  in  all  rigs  at  all  levels.  In  order  to  maintain  manufacturer  anonymity  (at  the  request  of  all  the  addi¬ 
tive  manufactures),  the  additives  passing  the  criteria  were  designated  as  P39,  P41,  P44  and  P47.  The  cur¬ 
rently  approved  GE  Betz  Spec-Aid®  8Q462  is  among  these  designated  additives.  For  the  duration  of  this 
program,  additives  were  referred  to  by  this  ‘P-Code’  designation  in  order  to  maintain  manufacture  ano¬ 
nymity  while  being  able  to  compare  and  share  results  during  period  program  reviews  to  which  all  additive 
manufactures  were  invited.  Since  this  report  is  being  prepared  after  the  completion  of  this  work,  it  is  now 
possible  to  reveal  the  additive  manufactures  involved  and  the  additive  P-Code  and  the  additive  manu¬ 
facturer’s  product  codes  (see  Table  1).  The  internal  POSF  Designator  code  is  simply  an  internal  sample 
code  assigned  to  any  chemical  when  it  comes  into  the  Fuels  Branch.  In  some  cases,  multiple  POSF  codes 
appear  for  the  same  P-Code.  In  these  cases,  this  is  due  to  a  replacement  additive  being  received  as  initial 
samples  were  consumed  in  testing.  Where  these  substitutions  were  made,  the  manufacture  verified  that  the 
sample  being  received  was  from  the  same  sample  lot  at  the  originally-coded  sample,  thus  maintaining  the 


Additive  Codes  and  Manufacturers 

Additive  P-Code 

POSF  Designator 

Manufacturer 

Manufacture  Code 

P39 

POSF-3974 

BP/Lubrizol 

OS  169558F 

P41 

PO  SF  -4 1 60/45  80 

GE  Betz 

Spec-Aid  8Q462 

P44 

POSF-4471/4550 

Nalco 

VX-7603 

P47 

POSF-4753 

Infineum/ExxonMobil 

NB-3 1011-33  a.k.a.  AV100 

Table  1.  Additive  Codes  and  Manufactures 


integrity  of  the  testing  across  multiple  receipted  samples. 

3.3.1  Isothermal  Corrosion  Oxidation  Tester  (ICOT)  and  Quartz  Crystal  Microbalance 
(QCM)  Testing 

The  ICOT  is  used  to  evaluate  the  effectiveness  of  thermal  stability  additives  in  aviation  turbine  fuels 
by  stressing  the  baseline  fuel  and  additized  fuel  at  a  constant  temperature  in  the  presence  of  flowing  air. 
The  thermal  stability  of  the  fuel  is  measure  by  the  amount  of  solids  formed  in  the  bulk  fuel  which  are  col¬ 
lected  when  filtered. 

The  QCM  is  designed  to  evaluate  the  formation  of  solids  on  a  surface  in  the  presence  of  a  decreas¬ 
ing  amount  of  oxygen.  The  purpose  of  the  QCM  is  to  quantitatively  evaluate  the  ability  of  an  additive  to 
prevent  formation  of  these  surface  deposits 

The  general  acceptance  criteria  for  the  ICOT  (See  Figure  4)  is  that  in  order  to  be  considered  success- 
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ful,  an  additive  must  reduce  deposition  in  the  ICOT  to  20  mg/L  or  less  in  any  two  out  of  three  baseline  fu¬ 
els.  Figure  6  is  a  table  summarizing  the  data  for  these  selected  additives  in  the  ICOT  and  QCM.  Additives 
P39  and  P41  passed  in  two  out  of  three  ICOT  fuels  while  additives  P44  and  P47  passed  in  all  the  baseline 
fuels.  Thus,  all  of  the  additives  successfully  passed  the  ICOT  test. 

The  deposition  for  additive  P39  in  the  QCM  was  numerically  higher  than  the  criteria  allows  (maxi¬ 
mum  of  1.0  pg/cm2)  but  at  the  time  the  QCM  test  was  run,  the  deposition  level  produced  by  additive  P39 
in  the  QCM  baseline  fuel  (2.2  pg/cm2)  was  commensurate  with  the  levels  being  produced  by  the  sample 
of  the  GE  Betz  Spec-Aid®  8Q462  that  was  available  to  the  program  at  that  time.  As  testing  proceeded 
on  newer  samples,  P39  was  never  re-evaluated  -  especially  since  (as  will  be  seen  in  later  pages  of  this 
section)  the  additive  performed  well  in  both  the  EDTST  and  ARSFSS.  The  remaining  additives  (P41, 

P44  and  P47)  performed  well  in  the  QCM.  In  the  table  in  Figure  6,  a  range  of  values  are  given  for  QCM 
deposition  for  P41 .  This  additive  seemed  to  vary  in  its  performance  over  time  -  hence  the  range  of  values 
reported.  Even  at  1.4  pg/cm2,  this  value  is  not  significantly  higher  than  the  protocol  amount  of  1.0  pg/cm2. 
This  additive  was  considered  to  successfully  meet  the  QCM  test  criteria  since  this  additive  is  the  defacto 
baseline  additive  to  which  every  other  additive  in  this  program  was  ultimately  compared. 


Based  on  this  information,  these  four  additives  were  evaluated  in  the  EDTST.  In  the  following  figures, 
EDTST  carbon  deposition  and  witness  strip  visual  information  is  presented  comparing  these  four  addi¬ 
tives. 


Additive 

ICOT  Deposition,  mg/L1 

QCM  Deposition2, 
pg/cm2 

Fuel  3084 
(Jet  A) 

Fuel  3773 
(JP-8) 

Fuel  3804 
(JP-8) 

Fuel  3166 
(Jet  A) 

P39 

74 

9 

2 

2.2 

P41 

31 

10 

0 

0.6-1 .4 

P44 

17 

8 

3 

0.6 

P47 

18 

8 

10 

0.7 

Figure  6.  Results  of  Additives  in  ICOT  and  QCM  Tests 


3.3.2  Extended  Duration  Thermal  Stability  Test  (EDTST)  Evaluations 

While  the  ICOT  and  QCM  offer  valuable  insight  into  thermal  stability  performance,  both  of  these 
tests  are  performed  at  conditions  not  necessarily  representative  of  conditions  in  an  aircraft  fuel  system. 
Both  of  these  tests  attempt  to  maximize  deposition  at  certain  conditions.  However,  in  an  aircraft  fuel  sys¬ 
tem,  these  maximum  deposition-forming  conditions  represent  only  a  small  portion  of  the  life  experience 
of  the  fuel.  What  is  not  represented  in  these  single-condition  bench  scale  tests  is  the  time/temperature 
history  experienced  by  fuel  in  an  operating  fuel  system.  For  these  reasons  the  Extended  Duration  Thermal 
Stability  Test  (EDTST)  system  was  developed  to  evaluate  fuels  at  temperature,  residence  time  conditions 
and  recirculation  modes  that  are  more  representative  of  aircraft/engine  fuel  systems  than  small  bench- 
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scale  test  such  as  the  ICOT  and  QCM.  A  basic  flow  schematic  of  the  EDTST  system  is  shown  in  Figure  7. 
The  EDTST  system  is  computer-controlled  and  can  run  unattended  for  long  periods. 


The  first  heater  (preheater)  in  the  system  is  used  to  establish  both  the  desired  bulk  fuel  temperature 
into  the  second  heater  and  the  desired  fuel  bypass  temperature.  The  bulk  temperature  represents  the  fuel 
temperature  that  results  from  aircraft  and  engine  heat  loads  and  generally  represents  the  temperature  of 
the  fuel  in  the  bulk  of  the  aircraft  fuel  system.  The  thermal  conditions  established  in  the  second  heater 
(main  heater)  are  typically  selected  to  achieve  the  appropriate  wetted  wall  temperatures  associated  with 
engine  fuel  injection  nozzles  for  the  system  being  simulated.  A  typical  main  heater  assembly  is  shown  in 
Figure  8.  A  fuel  bypass  line  is  installed  downstream  of  the  preheater  to  represent  the  aircraft  recirculation 
line  from  the  engine  to  the  airframe  tanks.  A  water/fuel  cooler  is  installed  in  this  line  to  represent  the  cool¬ 
ing  of  fuel  by  an  aircraft  ram  air  heat  exchanger  cooler  that  is  typical  on  many  systems.  Metal  test  strips 
are  installed  in  housings  immediately  downstream  of  the  preheater  and  after  the  cooler  in  the  heater  outlet 
line  (see  Figure  7).  In  each  witness  strip  location,  two  strips  are  placed  back-to-back  and  inserted  into  the 
fuel  flow  path.  These  strips  are  not  actively  heated  so  any  deposition  that  occurs  on  these  strips  is  related 
to  bulk  fuel  temperature  and  therefore  bulk  fuel  deposition.  Witness  strips  represent  a  qualitative  assess¬ 
ment  of  the  nature  of  fuel  deposits  at  temperature  and  flow  conditions  in  recirculation  areas  of  the  fuel 
system.  While  the  appearance  of  these  witness  strips  is  a  part  of  the  acceptance  criteria  for  the  EDTST, 
their  qualitative  nature  makes  this  data  subjective  and  as  such,  is  of  secondary  importance  or  relevance 
to  the  carbon  deposition  data.  Witness  strip  data  is  most  valuable  in  providing  additional  guidance  in 
interpreting  EDTST  results  when  carbon  deposition  data  is  suspect  or  inconsistent.  As  such,  witness  strip 
appearance  information  is  not  a  deciding  factor  in  and  of  itself. 
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Figure  8.  EDTST  Heater  Diagram 


For  this  program,  approximately  100  gallons  of  fuel  was  used  for  each  96-hour  EDTST  run.  Upon 
completion  of  the  run,  the  heated  tube  sections  of  both  the  preheater  and  heater  were  removed  and  rinsed 
with  either  hexane  or  heptane  to  remove  residual  fuel  without  removing  carbon  deposits.  The  tubes  were 
then  cut  into  two-inch  sections  and  analyzed  for  the  amount  of  carbon  deposition  using  the  LECO  carbon 
analyzer  and  a  testing  protocol  developed  for  that  purpose.  Witness  strips  were  also  removed  from  the 
system  and  rinsed  to  remove  residual  fuel  but  not  carbon  deposits  and  then  photographed. 


The  following  plots  show  Leco  carbon  deposition  data  for  the  EDTST  preheater  and  heater  tubes.  In 
order  to  provide  a  proper  basis  of  comparison,  a  baseline  JP-8  fuel  was  run  at  standard  JP-8  conditions 
(350  °F  bulk  fuel  temperature  and  500  °F  wetted  wall,  referred  to  later  in  this  report  as  350/500  °F  or  JP-8 
conditions)  and  at  JP-8+100  conditions  (375  °F  bulk  fuel  temperature  and  500  °F  wetted  wall,  referred  to 
later  in  this  report  as  375/500  °F  or  JP-8+100  conditions).  As  previously  mentioned  in  this  section,  when 
a  baseline  JP-8  fuel  was  run  at  +100  conditions,  the  test  duration  was,  by  necessity,  limited  to  a  maximum 
of  24  hours. 


Figure  9  shows  carbon  deposition  in  the  EDTST  preheater  for  all  four  candidate  additives  tested 
along  with  baseline  JP-8  (POSF-4177)  at  both  neat  and  additited  conditions.  The  horizontal  line  mid-plot 
shows  the  acceptance  criteria  of  maximum  allowed  for  deposition  in  the  EDTST  preheater  (8  pg/cm2). 

The  dashed  black  line  rising  toward  the  right  of  the  plot  shows  deposition  data  for  the  baseline  fuel  POSF- 
4177  under  JP-8+100  conditions  (375  °F  bulk  fuel  temperature  and  500  °F  wetted  wall  temperature).  At 
first  look,  this  deposition  may  not  appear  to  be  too  significant  when  compared  to  the  other  data  presented 
but  recall  that  this  particular  data  set  is  for  deposition  in  just  24  hours.  Extrapolating  visually,  one  can 
see  how  significantly  the  additives  reduce  deposition  in  this  preheater.  The  grey  dashed  line  at  the  bottom 
of  the  plot  shows  the  deposition  for  that  same  baseline  JP-8  only  under  JP-8  conditions  (350  °F  bulk  fuel 
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Figure  9.  EDTST Preheater  Deposition,  Fuel  4177  (JP-8) 
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Figure  10.  EDTST  Heater  Deposition,  Fuel  4177  (JP-8) 
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and  500  °F  wetted  wall).  This  demonstrates  that  a  significant  change  in  deposition  occurs  given  a  small 
rise  in  bulk  and  wetted  wall  temperatures.  Clearly,  these  JP-8  conditions  represent  the  upper  operability 
limit  for  conventional  JP-8.  Figure  9  also  shows  that  while  the  details  of  the  deposition  curves  for  the 
additives  may  vary  slightly,  the  difference  is  only  about  ±  2  pg/cm2.  This  is  within  the  experimental  error 
of  the  Leco  carbon  deposition  analysis  method.  Some  of  the  additive  deposition  curves  also  exhibit  some 
anomalies  at  the  entrance  and  exit  to  the  preheater  tube.  The  deposition  peaks  in  these  areas  appear  to  be, 
based  on  our  experience,  more  a  function  of  the  tube  material,  entrance  and  exit  effects  and  the  way  the 
tube  is  interfaced  to  the  rest  of  the  EDTST  flowing  system  rather  than  to  any  real  deposition  characteristic 
of  the  fuel. 

Figure  10  shows  carbon  deposition  for  these  same  fuels  and  additives  in  the  EDTST  heater.  The  two 
dashed  lines  represent  the  deposition  of  the  baseline  JP-8  at  JP-8  conditions  and  JP-8+100  conditions. 

The  deposition  curve  for  POSF-4177  departs  the  bounds  of  the  plot  and  rises  to  approximately  2000  pg / 
cm2.  Yet,  the  additives  are  able  to  maintain  deposition  levels  below  20  pg/cm2  -  clearly  demonstrating  the 
effectiveness  of  these  additives. 

Figures  11  and  12  show  the  carbon  deposition  thermal  stability  performance  of  only  three  of  the 
candidate  additives  -  P39,  P41  and  P44  in  the  baseline  fuel  POSF-3084  with  the  standard  military  ad¬ 
ditive  package  of  FSII,  SDA,  AO  and  CI/LI.  The  limited  supply  of  this  baseline  fuel  prevented  running 
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the  baseline  fuel  with  candidate  additive  P47  or  by  itself  without  the  mil-pack  of  additives.  It  can  be  seen 
from  the  data  plot  in  Figure  1 1  that  the  preheater  deposition  using  these  additives  was  typically  limited  to 
between  3  and  5  pg/cm2  -  well  below  the  maximum  acceptable  deposition  of  8  pg/cm  .  Similarly,  Figure 
12  shows  heater  deposition  with  these  three  additives  to  be  well  below  the  upper  limit  of  300  pg/cm2 


Figures  13,  14  and  15  show  the  carbon  de¬ 
position  thermal  stability  performance  of  all  four 
candidate  additives  in  fuel  POSF-2827.  Recall  that 
this  fuel  was  considered  one  of  the  worst  possible 
fuels  one  might  encounter  and  had  been  retained  by 
RZPF  in  the  fuel  farm  tanks  since  1991  for  the  sole 
purpose  of  being  used  as  a  worst-case  example  fuel. 
For  the  testing  here,  this  Jet  A  fuel  was  not  additized 
with  the  standard  military  package  of  additives  and 
was  evaluated  strictly  as  a  Jet  A.  The  ‘badness’  of 
this  baseline  2827  fuel  is  not  readily  apparent  in 
Figure  13,  the  EDTST  Preheater  Deposition  plot. 
However,  in  Figure  14,  the  EDTST  Heater  Deposi¬ 
tion  Plot,  it  can  be  seen  that  even  at  JP-8  baseline 
test  conditions  of  350  °F  bulk  fuel  and  500  °F  wetted 
wall  temperatures,  fuel  2827  is  a  very  high-deposit¬ 
ing  fuel.  Yet,  all  of  the  additive  candidates  were  able 
to  lower  deposition  in  this  fuel  to  well  below  ac¬ 
ceptance  criteria  limits  of  8  pg/cm2  in  the  preheater 
and  300  pg/cm2  in  the  heater.  Additive  candidates 
P39  and  P41  exhibit  the  poorest  performance  of  the 
additives  in  this  fuel.  This  may  serve  to  conclude 
that  there  is  a  performance  variability  amongst  the 
candidate  additives.  Yet  in  spite  of  this  variability  in 
performance,  all  of  the  candidate  additives  are  able 
to  reduce  deposition  to  below  acceptance  criteria 
level  and  are  therefore  performing  acceptably  in  a 
wide  range  of  fuels.  It  should  be  noted  that  Figures 
14  and  15  are  plots  of  the  same  data  but  at  different 
Y-axis  ranges  so  that  the  magnitude  of  the  deposition 
of  the  baseline  2827  fuel  can  be  observed. 
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Figure  16.  EDTST  Heater  Deposition,  Fuel  2827 (Jet  A) 


Heater  Deposition  Summary  -  All  Fuels 


Figures  16  and  17  represent  a  compilation  of 
Figures  9  through  14  -  showing  all  the  deposition 
data  for  all  additives  in  all  fuels.  Figure  16  shows 
that  all  of  the  additives  perform  equally  well  in 
the  EDTST  preheater.  Figure  17  shows  that  in  the 
EDTST  heater,  the  performance  ratings  amongst 
the  additives  begins  to  be  observed  but  is  primarily 
dependent  up  how  ‘bad’  the  baseline  fuel  is. 

Figure  18  shows  the  typical  appearance  of  both 
preheater  and  heater  witness  strips  for  a  baseline 
fuel  -  in  this  case,  POSF-4751.  Fuel  4751  was  used 
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Figure  1 7.  Heater  Deposition  Summary,  All  Fuels 
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in  this  Phase  I  thermal  stability  evaluation  as  be¬ 
ing  equivalent  to  baseline  fuel  4177  and  was  used 
after  all  of  the  4177  fuel  was  consumed  in  testing. 

Each  image  present  here  shows  both  the  front  and 
the  back  witness  strips  separated  by  a  clean,  never 
used  strip  for  comparison.  Deposition  on  the  left 
and  right  strips  may  appear  differently  and  this  is 
due  to  unique  flow  patterns  that  develop  within  the 
witness  strip  containing  device.  Note,  as  expected, 
the  heater  witness  strip  exhibits  a  darker,  more 
substantial  deposit  than  the  preheater  as  these  strips 
see  substantially  hotter  fuel.  Comparison  of  these 
images  to  the  images  in  Figures  19  and  20  to  fol¬ 
low  indicate  the  decrease  in  deposition  observed 
when  a  thermal  stability  improving  additive  is 
used. 

Figures  19  and  20  show  a  series  of  images  of 
witness  strips  representing  evaluation  of  candidate 
additives  in  selected  fuels.  Additive  P47  was  not 
evaluated  in  fuel  3084  because  this  fuel  was  deplet¬ 
ed  before  the  test  could  be  run.  Note  that  in  some 
images  there  is  a  significant  difference  between 
the  left-  and  right-hand  images.  These  differences 
are  due  to  how  the  witness  strips  stacked  together. 

The  witness  strip  holder  device  is  not  a  precision 
instrument  designed  to  hold  each  strip  exactly  the 
same.  Each  setup  of  a  witness  strip  in  the  EDTST 
is  a  unique  situation,  resulting  in  what  can  be  very 
different  and  unique  flow  patterns.  For  this  reason, 
these  different  deposits  do  not  represent  a  poor 
performance  of  the  additive  but  rather  it  represents 
a  unique,  non-standardized  flow  pattern.  Qualita¬ 
tive  phenomena  such  as  this  is  why  witness  strip 
appearance  is  a  secondary  consideration  in  ranking 
of  additive  performance.  It  can  be  seen  by  compar¬ 
ing  the  images  in  Figures  19  and  20  to  Figure  18 
that  in  all  cases  in  all  fuels,  the  candidate  additives 
have  a  significant  impact  in  reducing  the  deposition 

apparent  on  these  witness  strips.  Even  in  what  is  considered  to  be  a  very  nasty  fuel  (2827),  the  additives 
are  performing  very  well.  Based  on  the  appearance  of  these  strips,  the  additives  can  be  evenly  ranked 
with  regard  to  performance  in  reducing  deposition  in  what  would  be  considered  a  typical  JP-8  or  Jet  A 
fuel  meeting  normal  thermal  stability  specifications.  However,  in  a  severely  degraded  fuel  such  as  2827, 
two  additives  -  P39  and  P47  -  seem  to  show  better  performance  than  the  other  two  additives.  The  reader 
should  keep  in  mind  that  the  currently  approved  Spec-Aid  8Q462  additive  is  represented  in  these  images 
in  addition  to  other  candidate  additives. 

Summarizing  the  EDTST  deposition  results,  all  additives  performed  equally  well  in  the  preheater  with 
none  of  the  additives  distinguishing  themselves  above  another  candidate.  However,  in  the  heater,  a  dis¬ 
cernible  ranking  amongst  the  additives  started  to  emerge.  Additives  P39,  P44  and  P41  perform  relatively 
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Figure  19.  EDTST  Preheater  Deposition  Summary,  All  Fuels 


Figure  20.  Heater  Deposition  Summary,  All  Fuels 


Figure  18.  Typical  Appearance  Preheater/Heater  Witness  Strip 


similarly  with  P41  performing  possibly  slightly  less  well  than  P39  and  P44.  Additive  P47  appears  to  rank 
as  the  least  well  performing  additive  -  mainly  due  to  it’s  performance  in  fuel  2827  -  the  worst  of  the  base¬ 
line  fuels.  If  this  particular  fuel  is  not  considered,  then  there  is  little  discernible  difference  in  performance 
of  the  additives  in  a  typical  JP-8  and  Jet  A. 

Summarizing  EDTST  results  based  on  witness  strip  appearance,  it  can  again  be  said  that  in  the 
preheater,  all  additives  preformed  equally  well.  In  the  heater,  again  a  slight  difference  in  performance  is 
discernible  with  P41  and  P44  being  the  poorer  performers  but  only  in  the  worst  baseline  fuel.  Again,  if 
the  performance  in  the  worst  baseline  fuel  is  not  considered,  then  all  additives  perform  equally  well  in  the 
heater  for  a  typical  JP-8  and  Jet  A. 

Based  on  these  observations,  all  of  the  candidate  additives  (including  the  currently  approved  Spec- 
Aid  8Q462)  performed  equally  well  in  the  EDTST.  Therefore,  no  additives  were  removed  from  consid¬ 
eration  and  were  considered  acceptable  for  further  testing  in  the  Advanced  Reduced  Scale  Fuel  System 
Simulator  (ARSFSS). 

3.3.3  Advanced  Reduced  Scale  Fuel  System  Simulator  (ARSFSS)  Evaluations 

The  Advanced  Reduced  Scale  Fuel  System  Simulator  (ARSFSS)  represents  a  thermal  stability  evalu¬ 
ation  device  that  more  closely  represents  and  replicates  aircraft  fuel  system  operating  conditions  than 
any  other  sub-aircraft  scale  test  device  in  the  world.  Designed  as  a  joint  effort  between  AFRF,  Boeing 
and  Rolls  Royce  (UK)  in  the  mid  1980s,  the  ARSFSS  has  been  used  to  evaluate  fuels  and  additives  under 
realistic  aircraft  fuel  system  conditions.  With  more  extensive  capabilities  than  the  EDTST,  the  ARSFSS 
is  used  by  AFRF  as  the  last  test  before  releasing  a  fuel  or  additive  for  testing  and  evaluation  in  the  field. 
Not  only  is  the  ARSFSS  capable  of  realistically  simulating  the  flow,  temperature,  pressure  and  residence 
time  profiles  for  a  real  aircraft  fuel  system,  it  is  capable  of  imposing  these  conditions  on  system  hardware 
in  real  time  with  changes  to  flow,  pressure  and  temperature  conditions  following  a  pre-established  mission 
profile.  In  this  way,  the  ARSFSS  can  ‘fly’  missions  sequentially  over  time.  An  ARSFSS  test  run  typically 
consists  of  between  65  and  150  missions  executed  sequentially  operating  24  hours  per  day,  7  days  a  week. 
The  ARSFSS  control  system  is  sophisticated  enough  to  allow  the  test  to  operate  unattended  for  days  at  a 
time. 

The  ARSFSS  rig  itself  consists  of  three  major  subsystems  -  a  fuel  conditioning  system,  an  airframe 
fuel  system  simulator  and  an  engine  fuel  system  simulator.  A  schematic  of  the  ARSFSS  is  show  in  Figure 
21 .  Figure  22  shows  a  front  view  of  the  engine  portion  of  the  simulator.  The  ARSFSS  test  rig  is  modifi¬ 
able  so  that  many  different  fuel  system  configurations  and  many  different  aircraft  systems  can  be  simu¬ 
lated.  For  this  program,  the  ARSFSS  was  configured  to  simulate  an  F-22  aircraft  with  a  Pratt  &  Whitney 
FI  19  engine.  Rig  scaling  is  based  on  1/3  scale  of  a  single  FI  19  nozzle  -  making  the  ARSFSS  scaled  over¬ 
all  at  l/72n^  scale  for  the  FI  19  engine.  Total  fuel  required  for  each  ARSFSS  test  is  between  900  and  1500 
gallons  -  depending  on  the  mission  profile  used  for  the  testing.  For  more  details  on  how  the  ARSFSS  is 
designed  and  the  components  used,  see  Appendix  E. 

For  this  additive  evaluation  program,  a  modified  generic  durability  test  cycle  mission  profile  was 
used.  65  mission  cycles  were  executed  for  each  test  run  requiring  approximately  900  gallons  of  fuel. 

Key  data  elements  from  the  ARSFSS  consist  of  both  qualitative  and  quantitative  information.  The  key 
comparison  points  for  the  ARSFSS  are  the  fuel’s  behavior  in  the  Servo  Valve,  Flow  Divider  Valve,  Fuel- 
Cooled  Oil  Cooler  and  Burner  Feed  Arm.  These  devices  are  described  as  follows: 
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Figure  21.  Flow  Schematic  for  Advanced  Reduced  Scale  Fuel  System  Simulator  (ARSFSS) 


Figure  22.  Advanced  Reduced  Scale  Fuel  System  Simulator  (ARSFSS) 
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3.3.3. 1  Servo  Valves  1  and  2 


For  the  ARSFSS,  the  Servo  Valve  component  is  the  second  stage  or  hydraulic  portion  of  an  Electro- 
Hydraulic  Servo  Valve  (EHSV)  commonly  found  in  FI  19  and  similar  systems.  In  an  EHSV,  the  first  stage 
of  the  control  is  an  electrical  servo  mechanism  that  responds  to  an  input  current  or  voltage.  Increasing 
current  or  voltage  results  in  a  small  movement  of  the  electrical  servo  components.  The  electrical  servo 
components  are  coupled  to  a  hydraulic  component  -  the  second  stage  of  the  control  of  the  valve.  The 
hydraulic  portion  of  the  valve  consists  of  a  spool  and  sleeve  arrangement  where  a  specially  designed 
spool  moves  within  a  sleeve.  Movement  of  the  spool  causes  clearances  within  the  spool/sleeve  assembly 
to  change  and  thus,  control  flow  through  the  valve.  Because  the  hydraulic  portion  of  the  valve  is  driven 
by  pressures  within  the  fuel  system,  the  small  forces  generated  by  electrically  positioning  the  electrical 
servo  portion  of  the  valve  are  amplified  by  system  hydraulic  pressures  resulting  in  a  substantial  moving 
force  being  applied  to  a  hydraulic  component.  These  combined  electrical  and  hydraulic  components  give 
engine  manufactures  the  ability  to  exert  substantial  hydraulic  forces  upon  the  fuel  system  control  using 
small  electrical  forces.  However,  since  the  hydraulic  portion  of  the  valve  sees  the  fuel  flow  at  bulk  fuel 
system  temperatures,  coking  and  fouling  can  occur  in  these  components.  Since  the  ability  of  the  EHSV 
to  regulate  fuel  flow  is  dependent  upon  the  unrestricted  movement  of  the  spool  and  sleeve  valves  that 
make  up  the  hydraulic  portion  of  the  valve,  even  the  slightest  amount  of  deposition  occurring  in  this  valve 
can  impact  valve  performance  by  causing  hysteresis  in  the  valve.  Hysteresis  in  a  valve  can  basically  be 
described  as  the  tendency  of  the  performance  of  the  valve  (in  terms  of  valve  flow  and  pressure)  to  be 
dependent  on  its  previous  position  along  with  whether  the  change  in  pressure  to  cause  a  change  in  valve 
flow  is  increasing  or  decreasing  when  reacting  to  an  external  control  signal.  Hysteresis  leads  to  varying 
degrees  of  inaccuracy  relative  to  valve  actuation  and  operating  forces  and  can  drastically  affect  the  per¬ 
formance  of  an  engine  fuel  system.  Under  the  best  of  circumstances,  a  well  designed  and  well-functioning 
control  valve  has  little  or  no  hysteresis  thereby  allowing  the  control  algorithms  that  predict  and  impose 
control  movements  to  reliably  and  predictably  position  the  valve  for  stable  system  control.  As  hysteresis 
increases,  control  algorithms  may  not  properly  compensate  and  system  control  can  become  unstable.  For 
details  on  how  valve  hysteresis  was  determined  for  the  Servo  Valve,  see  Appendix  E. 

In  addition  to  the  hysteresis  measurements  made  on  the  Servo  Valve,  at  the  end  of  each  test  run  the 
Servo  Valve  was  disassembled  and  photographed  to  document  the  type,  degree  and  nature  of  the  fuel 
deposits  inside  and  on  the  valve  components.  This  deposition,  along  with  Servo  Valve  hysteresis  measure¬ 
ments,  was  used  to  document  the  condition  of  the  valve  at  the  end  of  each  test. 

The  very  nature  of  the  EHSV  tends  to  minimize  the  impact  of  hysteresis  naturally  so  no  firm  value 
for  hysteresis  in  this  component  was  established  as  an  acceptable  amount.  Instead,  it  was  determined  that 
EHSV  performance  for  a  candidate  additive  would  be  acceptable  as  long  as  the  overall  hysteresis  was  bet¬ 
ter  than  or  equivalent  to  the  approved  Spec-Aid  8Q462  additive. 

3. 3. 3.2  Flow  Divider  Valve  (FDV) 

In  addition  to  the  EHSV,  valve  hysteresis  is  a  significant  issue  in  the  combustor  nozzle  Flow  Divider 
Valve  (FDV).  Each  of  the  24  combustor  fuel  nozzles  for  the  FI  19  contains  two  fuel  flow  paths  to  the 
injector  nozzle  -  a  Primary  and  a  Secondary.  The  Primary  path  typically  handles  fuel  flow  in  the  Tow’ 
regime  -  for  example,  engine  starting  and  ground  idle  and  idle  descent  and  conditions.  Once  the  engine 
requires  fuel  flows  outside  of  this  Tow  flow’  regime,  a  Secondary  ‘high  flow’  path  is  opened  up  to  deliver 
the  necessary  flow  to  the  engine.  This  ‘dividing’  of  the  fuel  flow  is  accomplished  using  a  pressure-driven 
‘Flow  Divider  Valve’  (FDV).  This  valve  is  physically  positioned  upstream  of  the  fuel  nozzle  face  and  is 
located  outside  of  the  combustor  in  the  compressor  bypass  or  fan  air  flow  path.  Since  this  air  flow  can 
reach  high  temperatures,  the  FDV  is  subject  to  occurrence  of  coking.  As  with  any  other  valve  that  is  used 
to  regulate  flow  that  is  subject  to  coking,  any  coking  or  fouling  of  the  FDV  can  result  in  significant  valve 
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hysteresis.  Unlike  the  EHSV,  this  FDV  is  driven  only  by  inlet  fuel  pressure  and  does  not  have  the  benefit 
of  multiplied  hydraulic  forces  to  overcome  hysteresis.  Thus,  this  valve  can  be  quite  sensitive  to  hysteresis 
brought  on  by  fuel  fouling. 

In  the  ARSFSS,  an  actual  FDV  from  the  FI  19  is  used.  The  flow  slot  has  been  modified  by  narrowing 
its  width  so  that  the  typical  stroke  of  the  valve  in  the  ARSFSS’  reduced  flow  environment  is  essentially 
the  same  as  for  the  full  flow  in  an  FI  19. 

In  discussions  with  Pratt  and  Whitney,  it  was  determined  that  the  acceptability  criteria  for  FDV 
hysteresis  would  be  7%  or  less.  According  to  engineers  at  Pratt  &  Whitney,  hysteresis  values  beyond  7% 
could  adversely  impact  the  fuel  flow  to  the  nozzles  and  thus  change  the  combustor  temperature  profile  in 
the  engine.  An  altered  combustor  temperature  profile  can  have  serious  and  deleterious  impact  on  engine 
performance,  reliability  and  safety.  For  details  on  how  valve  hysteresis  was  determined  for  the  Flow  Di¬ 
vider  Valve,  see  Appendix  E. 

As  with  the  Servo  Valve,  in  addition  to  determining  FDV  valve  hysteresis,  the  FDV  is  disassembled 
and  photographed  at  the  end  of  each  ARSFSS  run  to  document  the  type,  nature  and  extent  of  the  deposi¬ 
tion  that  occurred  in  and  on  the  valve  components.  These  components  include  the  FDV  valve  body,  valve 
stem  and  strainer  screen  that  surrounds  the  entire  assembled  valve  and  protects  it  from  large  pieces  of 
debris. 

33.3.3  Fuel-Cooled  Oil  Cooler  (FCOC) 

Aircraft  fuel  is  used  for  cooling  as  well  as  propulsion.  One  area  where  fuel  is  used  as  a  cooling  me¬ 
dium  is  in  the  cooling  of  engine  lubrication  oil.  In  most  systems,  this  involves  simply  exchanging  heat  be¬ 
tween  the  engine  oil  and  the  fuel  in  a  simple  heat  exchanger  device  -  a  Fuel-Cooled  Oil  Cooler  (FCOC). 
Normally,  the  FCOC  is  base  on  a  shell-and-tube  heat  exchanger  design  where  fuel  passes  through  the 
inside  of  the  tube  and  engine  lubrication  oil  passes  on  the  outside  of  the  tube,  inside  the  shell  of  the  heat 
exchanger.  The  number  of  tubes  used  in  the  FCOC  depends  upon  the  engine  design  and  the  amount  of 
heat  dissipation  required.  Normally,  accepted  engine  design  criteria  dictates  that  bulk  fuel  temperature  out 
of  the  FCOC  should  never  exceed  325  °F  which  is  the  limit  for  oil  operability  in  the  engine.  Obviously, 
at  these  temperatures,  fuel  can  foul  and  coke  can  be  deposited  on  the  inside  of  the  tubes  of  the  FCOC. 

As  with  any  heat  exchanger,  any  fouling,  either  on  the  inside  or  the  outside  of  the  tubes,  is  detrimental  to 
FCOC  performance  and  can  result  in  engine  oil  temperatures  exceeding  design  limits.  In  the  ARSFSS, 
the  device  simulating  the  engine  FCOC  is  designed  with  three  3/8-inch  diameter  0.035-inch  thick  walled 
stainless  steel  tubes.  The  tubes  are  connected  via  manifolds  at  either  end  of  the  FCOC  device  so  that  the 
fuel  sees  three  complete  end-to-end  passes  within  the  FCOC  before  emerging.  The  tube  that  is  used  for 
the  final  pass  is  removed  at  the  end  of  each  test  and  cut  into  2-inch  long  segments.  A  FECO  Carbon  Ana¬ 
lyzer  is  used  to  measure  the  amount  of  carbon  deposition  that  has  occurred  inside  this  tube.  This  carbon 
deposition  data  is  plotted  as  part  of  the  data  for  the  ARSFSS  run.  For  this  reason,  no  firm  quantitative 
acceptance  criteria  was  developed  for  this  device.  Acceptance  was  base  on  the  deposition  for  a  candidate 
additive  being  not  more  than  the  deposition  for  the  currently  approved  Spec-Aid  8Q462  additive. 

3.33.4  Burner  Feed  Arm  (BFA) 

In  the  a  typical  FI  19-type  engine,  each  combustor  nozzle  is  actually  an  assembly  of  three  components 
-  the  FDV  (which  was  discussed  in  a  previous  paragraph),  the  tubular  pathways  connecting  the  FDV  to 
the  nozzle  (often  referred  to  as  the  ‘Burner  Feed  Arm’  (BFA))  and  either  a  pressure-atomizing  or  air-blast 
nozzle.  The  FDV  regulates  fuel  flow  to  the  Primary  and  Secondary  fuel  flow  paths  which  transport  fuel 
through  the  flow  tubes  (Burner  Feed  Arms)  to  the  nozzle.  In  the  actual  FI  19  nozzle  assembly,  since  this 
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portion  of  the  nozzle  assembly  is  subjected  to  high  temperature  compressor  discharge  air,  these  BFA 
paths  are  contained  within  a  complex  shroud  assembly  for  thermal  isolation  and  protection.  As  previously 
described,  the  performance  of  the  combustor  fuel  nozzle  is  critical  to  engine  performance  and  control. 
This  performance  and  control  is  not  only  impacted  by  the  performance  of  the  FDV  in  each  combustor 
nozzle  assembly,  but  it  is  impacted  by  the  ability  of  the  BFA  flow  paths  to  deliver  unrestricted  fuel  flow  to 
the  nozzle.  Significant  coke  deposits  can,  however,  develop  inside  these  tubes  which  can  restrict  fuel  flow 
to  the  nozzle  and  therefore  impact  nozzle  assembly  overall  performance  -  even  though  these  paths  are 
shrouded  for  thermal  protection. 

In  the  ARSFSS,  these  flow  paths  are  simulated  with  the  Burner  Feed  Arm  (BFA).  The  BFA  is  induc¬ 
tively  heated  and  consists  of  a  1 /8-inch,  0.020-inch  thick  wall  stainless  steel  tube  placed  in  a  l^-inch  stain¬ 
less  steel  clamshell.  This  clamshell  helps  evenly  distribute  the  inductively-generated  heat  along  the  length 
of  the  BFA  device.  Thermocouples  are  located  on  the  outside  of  the  1/8-inch  tube  along  the  whole  flow 
path  and  are  used  to  measure  and  control  the  wetted-wall  temperature  profile.  At  the  end  of  each  run,  this 
1/8-inch  tube  is  removed  and  cut  up  into  1-inch  segments.  A  LECO  Carbon  Analyzer  is  then  used  to  mea¬ 
sure  the  amount  of  deposition  that  has  occurred  inside  the  tube.  This  deposition  is  plotted  and  provides  a 
quantitative  measurement  of  relative  additive  performance.  Again  since  a  quantitative  limit  could  not  be 
established  for  acceptance  criteria  for  the  BFA,  acceptance  was  based  on  the  deposition  for  a  candidate 
additive  being  not  more  than  the  deposition  for  the  currently  approved  Spec-Aid  8Q462  additive. 

In  summary,  acceptance  criteria  for  the  ARSFSS  is  as  follows: 

•  Servo  Valve  Hysteresis  -  Better  than  or  equivalent  to  approved  additive 

•  Servo  Valve  Deposition  Appearance  -  Better  than  or  equivalent  to  approved  additive 

•  FDV  Hysteresis  -  Better  than  or  equivalent  to  approved  additive  (<=  7%  maximum  anywhere  in 
the  valve  performance  curve) 

•  FDV  Deposition  Appearance  (Valve  components  and  Screen)  -  Better  than  or  equivalent  to 
approved  additive 

•  FCOC  and  BFA  Deposition  (Leco  Carbon  Analyzer)-  Better  an  or  equivalent  to  approved  addi¬ 
tive 

3. 3. 3. 5  ARSFSS  Testing  Results  and  Discussion 

Figure  23  shows  the  hysteresis  curves  and  component  deposition  appearance  of  the  ARSFSS  Servo 
Valve  and  FDV  for  a  baseline  JP-8  run  (POSF  4751  fuel).  Deposition  on  the  Servo  Valve  components 
results  in  a  dark  brown  staining  of  the  spool.  Staining  is  more  prevalent  on  one  end  of  the  spool  and 
is  likely  due  to  this  being  the  fuel  flow  entrance  area  of  the  valve  where  residence  times  can  be  a  little 
longer  because  of  the  presence  of  stagnant  areas  in  this  end  of  the  valve.  The  blue  line  in  the  hysteresis 
plot  shows  the  pre-test  hysteresis  in  the  valve.  The  red  line  show  the  post-test  hysteresis  of  the  valve. 
There  is  an  anomaly  in  the  plot  around  the  actuation  value  of  about  155  PSID  for  the  post-test  curve.  This 
anomaly  has  been  observed  before  for  the  Servo  Valve  and  is  typically  attributed  to  normal  wear  and  tear 
of  the  valve  causing  the  spool  to  either  sit  slightly  ‘cocked’  inside  the  sleeve  or  for  there  to  be  a  specific 
wear  point  in  this  area  of  the  valve  stroke.  Therefore,  this  anomaly  was  declared  to  have  no  root  cause 
in  deposition  due  to  either  additive  or  fuel.  Other  than  this  anomaly,  there  is  not  a  significant  variance  of 
hysteresis  of  the  valve  throughout  its  operating  pressure  curve. 

Also  in  Figure  23,  there  is  a  significant  amount  of  deposition  on  the  face  of  the  FDV  valve  body, 
especially  below  the  lip  where  the  spool  head  mates  with  the  body  face.  This  again  is  a  stagnant  flow 
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Figure  23.  ARSFSS  Servo  and  Flow  Divider  Valve  Hysteresis 


area  so  it  is  not  surprising  that  deposition  would 
be  increased  in  this  area.  The  FDV  spool  shows 
significant  deposition  around  the  metering  slot  and 
surrounding  area.  There  is  a  ‘rainbow’  effect  to  the 
deposition  which  typically  indicates  deposition  of 
various  thicknesses.  There  is  little  or  no  deposition 
on  the  guide  land  for  the  spool  because  this  is  the 
area  that  rubs  against  the  inner  wall  of  the  valve 
body  and  therefore  any  deposition  that  occurs  there 
is  constantly  being  removed  by  friction.  The  FDV 
pre-test  hysteresis  plot  shows  little  hysteresis  for  a 
new  clean  valve.  However,  the  post-test  hysteresis 
plot  shows  the  dramatic  impact  that  the  deposition 
that  appears  in  the  photos  has  on  valve  perfor¬ 
mance. 


Figure  24.  Flow  Divider  Valve  Body  Screen 


Figure  24  shows  the  appearance  of  the  FDV  screen.  This  screen  surrounds  the  entire  valve  body  and 
protects  the  moving  valve  mechanisms  from  large  particles  of  debris  and  is  exposed  to  only  bulk  fuel  at 
temperature  so  all  of  the  deposition  observed  on  this  component  is  from  bulk  fuel  deposition.  In  Figure  24 
it  can  be  readily  seen  that  significant  tarnishing  of  the  screen  is  visible.  This  is  consistent  with  the  condi¬ 
tion  of  the  spool  and  the  valve  body. 

Figure  25  shows  hysteresis  plots  and  component  photographs  for  the  Servo  Valve  for  the  candidate 
additives.  Additive  P39  showed  very  little  deposition  on  the  Servo  Valve  spool.  Even  in  areas  where  fuel 
becomes  stagnant,  little  or  no  deposition  is  evident.  This  is  also  borne  out  in  the  hysteresis  plot  for  this 
valve.  With  the  exception  of  a  slightly  anomalous  data  point  in  the  pre-test  curve  at  the  lower  right  in  the 
plot,  the  post-test  and  pre-test  flow  vs.  pressure  drop  curves  lay  virtually  on  top  of  one  another  -  indicat¬ 
ing  that  hysteresis  remained  unchanged  during  this  test  for  this  additive.  For  additive  P41,  a  little  more 
deposition  is  evident  in  the  photographs  of  the  spool.  Even  this  minimal  tarnishing  of  the  spool,  however, 
manifested  itself  in  a  slight  shift  in  the  hysteresis  curve  for  that  valve  and  that  additive.  Even  though 
tarnishing  is  present  and  there  is  a  slight  change  in  the  hysteresis  performance  of  the  valve,  the  deposition 
and  its  impact  is  minimal. 
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•  o  Pre-Test  Increasing  Post-Test  Increasing 

•  Pre-Test  Decreasing  Post-Test  Decreasing 


Figure  25.  EDTST Heater  Deposition,  Fuel  2827 (Jet  A) 

For  additive  P44,  slightly  more  deposition  is  evident  on  the  spool  than  for  either  P41  or  P39  -  espe¬ 
cially  at  one  end  of  the  spool.  The  hysteresis  data  was  gathered,  of  course,  before  the  valve  was  disas¬ 
sembled  and  the  measurements  indicated  a  significant  change  in  valve  hysteresis  for  this  additive.  Once 
the  valve  was  opened  up  and  the  spool  was  exposed  for  observation,  there  was  concern  that  the  amount 
of  hysteresis  shift  was  significantly  larger  than  would  be  expected  for  the  degree  of  deposition  apparent 
on  the  spool.  To  make  sure  the  hysteresis  data  was  valid,  all  the  components  and  controls  for  that  part  of 
the  ARSFSS  system  were  checked.  It  was  discovered  that  a  control  valve  used  to  control  the  pressure  to 
the  servo  valve  during  hysteresis  measurement  was  malfunctioning.  The  curve  represented  for  additive 
P44  was  therefore  a  combined  hysteresis  for  the  control  valve  and  the  servo  valve.  It  was  not  possible  to 
acquire  hysteresis  data  on  just  the  control  valve  so  it  was  not  possible  to  adjust  the  calculation  of  servo 
valve  hysteresis  to  accommodate  for  the  impact  of  the  hysteresis  of  the  control  valve.  Hence,  the  data  in 
this  plot  is  not  valid  and  was  not  considered  in  the  final  ranking  of  the  performance  of  P44. 

For  additive  P47,  the  photographs  of  the  spool  show  deposition  that  is  lighter  in  appearance  than  in 
either  P41  or  P44  yet  not  as  clean  as  P39.  As  with  additive  P44,  the  hysteresis  data  was  gathered  before 
the  valve  was  disassembled.  Based  on  the  slight  shift  in  valve  hysteresis  performance  for  this  additive, 
slightly  more  staining  of  the  spool  was  expected.  In  addition,  the  hysteresis  plot  showed  an  uncharacter¬ 
istic  anomaly  at  about  the  155  PSID  input  pressure  point.  This  same  type  of  anomaly  was  observed  for 
the  baseline  fuel  run  for  this  servo  valve.  Again,  an  investigation  was  undertaken  to  determine  what  was 
causing  this  anomaly.  It  was  determined  that  there  was  still  a  slight  malfunction  of  the  pressure  regula¬ 
tion  device  used  during  hysteresis  measurements.  Since  earlier  repairs  to  this  valve  were  not  completely 
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successful,  the  valve  was  completely  replaced  but  since  the  servo  valve  had  already  been  disassembled,  it 
was  not  possible  to  re-measure  the  hysteresis  for  these  valves.  Therefore,  the  ranking  of  the  performance 
of  these  additives  in  the  Servo  Valve  was  determined  based  primarily  on  the  appearance  of  the  spool  valve 
and  not  necessarily  based  on  hysteresis  performance.  Lacking  consistent  hysteresis  performance  data  for 
the  additives  in  the  Servo  Valve,  the  deposition  appearance  became  the  primary  deciding  factor  in  ranking 
the  additives’  performance  in  the  Servo  Valve.  Based  on  the  photographic  evidence,  all  the  additives  were 
ranked  as  equivalent  to  one  another  and  were  therefore  successful  performers  in  the  Servo  Valve. 

Figure  26  shows  both  hysteresis  performance  data  photographs  of  the  condition  of  Flow  Divider 
Valve  (FDV)  components  for  the  candidate  additives.  The  hysteresis  performance  data  for  the  FDV  was 
considered  to  be  more  reliable  than  for  the  Servo  Valve  because  there  was  no  intermediate  valve  used  to 
control  pressure  to  the  FDV.  Instead,  fuel  pressure  drop  across  the  FDV  was  changed  by  changing  fuel 
pump  operating  RPM.  This  RPM  was  directly  measurable  and  considered  to  be  far  more  reliable  than  ma¬ 
nipulating  a  pressure  control  valve.  For  additive  P39,  the  condition  of  the  FDV  components  was  similar 
to  the  Servo  Valve  components  -  very  clean  with  no  apparent  deposition.  The  hysteresis  performance  pre- 
and  post-test  plots  lie  almost  exactly  on  top  of  one  another  indicating  that  there  was  no  shift  in  hysteresis 
performance  in  the  FDV  for  additive  P39. 

For  additive  P41,  as  with  the  Servo  Valve  for  that  additive,  slight  staining  is  apparent  on  the  FDV 
components.  Staining  is  particularly  apparent  in  areas  where  fuel  is  normally  stagnant  -  such  as  below 
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Figure  26.  Servo  Deposition  and  Hysteresis  for  Additives  P39,  P41,  P44  and  P47 
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the  guide  land.  The  hysteresis  performance  plot  for  the  FDV  using  P41  also  shows  a  significant  change. 

In  most  cases  where  there  is  a  shift  in  the  hysteresis  performance,  the  post-test  curves  usually  straddle 
the  pre-test  curves  indicating  a  relatively  even  shift  in  hysteresis  regardless  whether  the  valve  is  opening 
or  closing.  However,  for  additive  P41,  while  there  is  a  slight  ‘broadening’  of  the  hysteresis  post-test  plot 
compare  to  the  pre-test  plot,  the  entire  post-test  plot  has  shifted  to  the  right  indicating  that  whether  the 
valve  is  opening  or  closing,  more  pressure  is  required  to  actuate  the  valve  to  a  specific  flow  rate  target. 
Several  reasons  for  this  change  were  considered  and  it  was  eventually  concluded  that  this  shift  was  most 
likely  due  to  a  change  in  either  the  valve  position  within  the  valve  body  housing  or  perhaps  a  slight  altera¬ 
tion  in  the  position  of  the  spring  in  the  valve  assembly.  Either  of  these  conditions  could  cause  this  shift 
but  it  was  not  possible  to  exactly  determine  the  cause.  Since  the  shift  affected  the  whole  curve  (whether 
the  valve  was  opening  or  closing),  it  was  determined  that  the  important  performance  factor  was  the  broad¬ 
ening  of  the  performance  curve  and  not  necessarily  its  position  relative  to  the  pre-test  curve.  On  this  basis, 
the  hysteresis  performance  degradation  in  the  FDV  for  this  additive  was  minimal. 

For  additive  P44  the  pre-and  post-test  hysteresis  plots  lie  almost  directly  on  top  of  one  another  -  an 
indication  that  there  was  little  or  no  hysteresis  deterioration  experienced  by  this  valve.  Observing  the  pho¬ 
tos  of  the  FDV  valve  components  for  this  plot,  it  can  be  readily  seen  that  there  was  little  or  no  deposition 
in  this  FDV.  There  was  a  significant  darkening  of  the  valve  stem  below  the  guide  land  but  again,  this  is  in 
an  area  in  the  valve  where  the  fuel  is  very  stagnant  so  this  kind  of  deposition  is  not  unexpected. 

For  additive  P47  the  hysteresis  plot  shows  a  significant  broadening  between  the  pre-  and  post-test 
plots.  While  the  photographs  of  the  FDV  components  do  not  indicate  a  substantial  amount  of  deposition, 
except  below  the  guide  land,  there  was  a  substantial  shift  in  the  hysteresis  curve  between  pre-  and  post¬ 
test.  The  typical  broadening  of  the  post-test  curve  when  compared  to  the  pre-test  is  evident  in  this  plot. 
The  hysteresis  percentage  was  well  in  excess  of  7%.  It  is  speculated  that  the  discrepancy  between  valve 
appearance  and  hysteresis  performance  degradation  may  be  due  to  unobserved  deposits  inside  the  valve 
body  that  impacted  spool  movement.  Even  though  the  hysteresis  performance  curve  for  the  FDV  us¬ 
ing  additive  P47  exceeded  the  hysteresis  criteria  limit,  since  significant  deposition  was  not  observed  on 
the  spool  or  valve  body  components,  it  was  determined  that  FDV  condition  and  hysteresis  performance 
could  be  considered  equivalent  for  all  the  additives  and  so  all  additives  were  ranked  as  satisfactory  in  this 
component. 

Figure  27  shows  photographs  of  the  FDV  screen  for  each  of  the  candidate  additives.  In  all  cases, 
the  conditions  of  the  screen  for  each  additive  are  relatively  similar  with  only  the  screen  for  additive  P44 
exhibiting  slightly  more  deposition  than  the  other  three  additives.  But  even  with  the  screen  for  additive 
P44  being  darker  than  the  others,  it  still  was  similar  to  the  condition  of  the  baseline  fuel  screen  show  in 
Figure  23.  Based  on  these  observations,  the  deposition  performance  in  the  FDV  screen  was  determined  to 
be  equivalent  for  all  additives. 

Figure  28  shows  a  combined  carbon  deposition  plot  for  the  Fuel-Cooled  Oil  Cooler  (FCOC)  for  all 
the  candidate  additives.  The  spread  on  the  data  lines  is  approximately  3  pg/cm2  maximum  over  the  length 
of  the  FCOC  tube.  This  is  within  the  repeatability  of  the  Leco  instrument  so  the  performance  of  these  ad¬ 
ditives  in  the  FCOC  is  considered  to  be  equivalent. 

Figure  29  shows  a  combined  carbon  deposition  plot  for  the  Burner  Feed  Arm  (BFA)  for  all  the  can¬ 
didate  additives.  As  with  the  FCOC  carbon  analyses,  the  deposition  measurements  for  all  the  additives 
are  essentially  equivalent  across  the  length  of  the  BFA  tube  with  the  exception  of  deposition  for  additive 
P39  at  around  the  segment  7  and  8  position.  In  this  case,  deposition  was  lower  than  the  other  additives  but 
not  enough  lower  that  would  lead  to  a  conclusion  that  this  additive  had  significantly  better  performance 
in  deposition  reduction  than  the  other  additives.  Based  on  the  data  in  this  plot,  the  deposition  reduction 
performance  for  all  the  candidate  additives  is  considered  to  be  equivalent  in  the  BFA. 
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Figure  27.  Flow  Divider  Valve  Screen  Deposition  Additives  P39,  P41,  P44  and  P47 
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Figure  28.  Fuel  Cooled  Oil  Cooler  Carbon  Deposition  Figure  29.  Burner  Feed  Arm  Carbon  Deposition 

3.3.4  Summary  of  Thermal  Stability  Evaluations 

Many  candidate  additives  were  received  from  additive  manufactures  for  consideration  in  this  pro¬ 
gram.  These  were  initially  evaluated  in  the  Isothermal  Corrosion  Oxidation  Tester  (ICOT)  and  the  Quartz 
Crystal  Microbalance  (QCM).  The  most  promising  candidates  from  these  initial  evaluations  were  addi- 
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tives  designated  as  P39,  P41,  P44  and  P47.  The  currently  approved  Spec-Aid  8Q462  additive  is  included 
amongst  these.  These  remaining  four  additives  were  then  evaluated  in  the  Extended  Duration  Thermal 
Stability  Test  (EDTST)  and  the  Advanced  Reduced  Scale  Fuel  System  Simulator  (ARSFSS).  After 
completion  of  these  evaluations  and  examination  of  the  data,  it  was  determined  that  all  four  of  these 
additives  (three  new  candidates  and  the  currently  approved  Spec-Aid  80462)  all  performed  accept¬ 

ably  as  thermal  stability  improving  additives  and  therefore  all  were  recommended  for  continued 
evaluation  in  Task  2  -  evaluation  of  inter-additive  compatibility. 


3.4  Task  2  -  Evaluation  of  Additive  Co-Compatibility 

Where  more  than  one  additive  is  approved  for  use  for  a  particular  function  such  as  thermal  stability 
improvement,  it  is  a  virtual  certainty  that  one  or  more  of  the  additives  will  come  into  frequent  contact 
with  one  another  -  either  in  the  bulk  condition  as  delivered  from  the  manufacture  and  stored  for  use  or 
as  additized  in  fuel  and  then  fuels  being  co-mingled.  Therefore,  an  important  part  of  approving  any  new 
additive(s)  for  field  use  would  be  to  make  sure  there  are  no  compatibility  issues  between  the  additives 
themselves  as  well  as  with  other  additives  already  approved  for  use  in  fuel.  While  a  full  and  complete 
evaluation  of  compatibility  amongst  the  candidate  thermal  stability  additives  and  between  these  addi¬ 
tives  and  existing  approved  and  often  used  additives  in  JP-8  -  such  as  FSII,  Corrosion  Inhibitor/Lubricity 
Improver,  Antistatic  additives,  etc.  -  was  far  beyond  the  scope  and  resource  limitations  of  this  program,  a 
series  of  simple  compatibility  tests  were  conducted  in  order  to  uncover  any  obvious  problems. 

There  are  fundamentally  two  different  ways  the  candidate  additives  could  come  in  contact  with  one 
another  in  the  field.  In  most  cases  for  Spec- Aid  8Q462  used  in  the  field,  the  additive  is  injected  into  fuel 
as  the  fuel  is  being  loaded  into  a  refueler  truck  that  will  service  aircraft  with  fuel  on  the  flight  line  or 
perhaps  even  directly  at  the  ‘skin  of  the  aircraft’.  This  is  the  case  for  locations  that  use  truck-mounted 
additive  injectors  and  additize  the  fuel  as  it  enters  the  aircraft  fuel  tank.  In  cases  where  hydrant  systems 
are  used  to  refuel  aircraft,  injection  occurs  at  some  location  downstream  of  the  fuel  operating  day-tank 
and  additized  fuel  is  refueled  directly  on-board  the  aircraft.  In  either  case,  bulk  additive  is  stored  in  one 
or  more  bulk  storage  containers.  Typically  a  ‘day  tank’  of  additive  feeds  the  injector.  Spec-Aid  8Q462  is 
delivered  periodically  to  the  bulk  storage  tank,  from  which  the  day  tank  is  replenished.  While  not  recom¬ 
mended,  in  a  scenario  where  more  than  one  additive  is  approved  for  use  in  JP-8+100,  the  bulk  storage 
tank  could  take  receipt  of  any  one  of  the  approved  additives  -  in  which  case  the  additive  being  delivered 
would  be  added  to  the  additive  bulk  storage  tank  on  top  of  whatever  additive  was  previously  delivered. 

In  this  case,  the  additives  become  co-mingled  in  their  ‘as  delivered’  concentrated  form.  So  the  first  way 
in  which  additives  can  become  co-mingled  is  in  the  bulk  storage  tank  in  their  ‘as  delivered’,  concentrated 
form.  The  likelihood  of  compatibility  issues  under  this  scenario  is  significant  because  the  additives  are  in 
their  most  concentrated  state. 

The  second  way  additives  can  become  co-mingled  is  when  fuel  that  has  been  additized  with  one 
additive  becomes  co-mingled  with  a  fuel  that  contains  another  additive.  In  this  case,  the  likelihood  of 
compatibility  issues  is  dramatically  decreased  because  the  additives  are  only  present  in  a  concentration  of 
approximately  256  mg/L. 


3.4.1  Evaluation  of  Additive  Compatibility  in  Their  Raw,  As  Delivered  State 

To  evaluate  the  additives  for  compatibility  issues  in  their  raw,  ‘as  delivered’  state,  a  matrix  of  binary 
blends  of  raw  additives  was  established.  The  blend  components  are  show  in  Table  1  at  the  beginning  of 
this  report.  The  scope  of  the  testing  was  limited  to  these  binary  blends  based  on  the  assumption  that  it 
would  be  far  more  likely  for  two  of  the  additives  to  come  into  contact  with  one  another  that  for  three  to 
come  into  contact  with  one  another  -  especially  in  the  bulk  ‘as-delivered’  from  the  manufacture  state. 
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Since  the  bulk  additive  storage  tank  at  a  User  location  is  typically  stored  outside,  it  can  experience  a 
range  of  temperatures  depending  upon  the  season  of  the  year.  It  is  therefore  possible  that  compatibility  is¬ 
sues  might  not  be  present  at  one  temperature  condition  but  might  manifest  themselves  at  another  tempera¬ 
ture  condition.  To  test  for  these  temperature  variances,  once  a  binary  blend  of  raw  additives  was  prepared, 
it  was  separated  into  three  equal  parts.  One  part  of  the  additive  blend  was  subjected  to  a  low  temperature 
environment  (4  °C/  39  °F)  for  at  least  7  days,  one  part  was  subjected  to  a  room  temperature  (21  °C/  70 
°F)  for  at  least  7  days  and  the  remaining  part  was  subjected  to  a  hot  environment  (49  °C/120  °F)  for 
at  least  7  days.  Once  the  exposure  time  was  complete,  the  raw  mixed  additives  were  inspected  for  any 
physical  changes  such  as  turbidity,  product  separation,  precipitation  of  solids  or  other  materials  and  other 
evidences  of  incompatibility.  If  the  mixed  additive  sample  exhibited  none  of  these  physical  evidences  of 
incompatibility,  the  sample  was  used  to  dose  a  baseline  fuel  and  that  fuel/additive  blend  was  evaluated 
in  the  QCM  for  thermal  stability  performance.  In  order  to  conserve  an  ever-dwindling  supply  of  baseline 
fuel  for  EDTST  use,  these  binary  blends  of  co-mingled  raw  additives  were  not  evaluated  in  the  EDTST. 
QCM  data,  which  had  in  the  past  tracked  very  well  with  EDTST  data,  was  deemed  sufficient  to  determine 
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Figure  30.  QCM  Results  For  Cold  Storage  50/50  Binary 
Blends  of  Additive  Blends 
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Figure  32.  QCM  Results  For  Room  Temperature  Storage  50/50 
Binary  Blends  of  Additive  Blends 
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Figure  31.  QCM  Results  For  Hot  Storage  50/50  Binary 
Blends  of  Additive  Blends 
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the  thermal  stability  impact  of  co-mingled  additives. 

Figures  30  through  32  show  QCM  results  for  the  binary  additive  blends  from  Table  1.  Figure  30 
shows  QCM  results  for  additive  stored  at  4  °C  (39  °F)  for  8  days.  All  but  additive  blend  P39/P47  pro¬ 
duced  maximum  deposition  of  less  than  1  pg/cm2.  The  P39/P47  blend  produced  deposition  of  1.2  pg/ 
cm2.  This  difference  is  inconsequential  in  light  of  the  relative  order  of  magnitude  of  the  deposition  and 
the  reproducibility  of  the  QCM  and  was  therefore  considered  to  be  equivalent  to  the  other  additive  blends. 
Figure  31  shows  results  for  the  additive  blend  stored  at  49  °C  (120  °F)  for  9  days.  All  six  additive  blends 
maintained  deposition  rates  at  or  below  1  pg/cm2.  Figure  32  shows  the  QCM  deposition  results  for  the 
binary  additive  blends  stored  at  room  temperature  (approximately  21  °C  or  70  °F)  for  21  days.  Again,  all 
six  additive  blends  maintained  deposition  rates  at  or  below  1  pg/cm2. 


Table  2.  Binary  Fuel  Blend  Compositions  for  QCM  Deposition  Study 


Additive  C  omp  a  Ability  Blend  Matrix 

Blend 

Design  a  Aon 

<>  6  P39 

%P41 

%P44 

°oP47 

Blend  A 

50 

50 

Blend  B 

50 

50 

Blend  C 

50 

50 

Blend  D 

50 

50 

Blend  E 

50 

50 

Blend  F 

50 

50 

3.4.2  Evaluation  of  Additive  Compatibility  When  Blended  In  Fuels 

As  discussed  earlier,  another  way  that  additives  can  become  co-mingled  is  by  the  blending  of  fuels  to 
which  they  are  added.  To  evaluate  this  compatibility  scenario,  a  series  of  binary  fuel  blends  were  prepared 
from  fuels  that  were  additized  with  a  single  candidate  additive  to  a  standard  dosage  rate  of  256  mg/L. 
Enough  of  each  binary  fuel  blend  was  prepared  to  execute  one  EDTST  run  and  several  QCM  tests.  Un¬ 
fortunately,  the  supply  of  baseline  fuel  for  the  EDTST  was  depleted  before  all  the  binary  blends  could  be 
prepared  so  the  binary  addi¬ 
tive  blends  did  not  include 
additive  P47.  Table  2  shows 
the  binary  fuel  blends  used 
for  this  evaluation.  Note  that 
blends  A,  B  and  C  were  the 
only  fuel  blends  used  in  the 
EDTST  due  to  the  limited 
availability  of  the  baseline 
fuel. 

Figure  33  shows  the 
results  of  the  QCM  evalua¬ 
tions  for  each  of  the  additive 
binary  blends.  All  binary  Figure  33.  QCM  Results  For  Room  Temperature  Storage  50/50  Binary  Blends  of  Additive 

Blends 


ADDITIVE  #1 

ADDITIVE  #2 

QCM  Deposition,  pg/cm2 

P41 

P39 

0.9 

P41 

P44 

0.7 

P41 

P47 

10 

P39 

P44 

1.0 

P39 

P47 

.5 

P44 

P47 

.9 
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blends  passed  testing  in  the  QCM  by  limiting  deposition  rates  to  1  pg/cm2  or  below.  Figure  34  shows 
the  results  of  EDTST  evaluations.  In  Figure  34,  the  deposition  performance  of  the  binary  fuel  blend  is 
compared  to  the  performance  of  a  single  additive  fuel  blend  for  each  of  the  fuels  used  as  a  component  in 
the  binary  blend.  Deposition  data  for  both  the  heater  and  preheater  indicate  thermal  stability  deposition 
performance  is  unaffected  by  additives  being  combined.  The  appearance  of  the  EDTST  witness  strips  for 
the  single  additive  blend  fuel  is  equivalent  to  the  binary  fuel  blends  with  the  possible  exception  of  the 
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Figure  34.  EDTST  Deposition  Performance  for  Additive  Blends 


P39/P44  additive  combination.  In  this  case,  the  witness  strips  appear  a  little  darker  but  not  as  dark  as  the 
baseline  fuel  witness  strips  shown  in  Figure  18. 

In  conclusion,  there  does  not  appear  to  be  any  significant  detrimental  effect  of  combining  the  raw  as 
delivered  additives  directly  or  after  being  additized  in  fuel.  Therefore  there  does  not  appear  to  be  any  is¬ 
sues  with  additive  compatibility. 


3.5  Task  3  -  Additive  Dosage  Study 

Additive  injection  in  the  field  is  not  as  exact  a  science,  especially  in  an  operational  environment 
where  additive  and  injectors  are  subject  to  varying  environmental  factors  and  only  periodic  calibration. 
While  the  specifications  for  additive  injection  may  state  that  additive  is  to  be  injected  at  a  strict  256  mg/L, 
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this  exact  dosage  rate  is  rarely  achieved.  In  the  15  June  2011  release  of  the  Technical  Manual  “Quality 
Control  of  Fuels  and  Lubricants”,  TO  42B-1-1,  the  target  injection  rates  for  the  Spec-Aid  8Q462  additive 
have  been  bracketed  to  be  ±  50  ppm.  In  reality  however,  given  the  mechanical/hydraulic  nature  of  ad¬ 
ditive  injection  equipment,  it  is  conceivable  that  additive  could  occasionally  be  seriously  underdosed  or 
overdosed.  The  consequences  of  under-dosing  a  thermal  stability  additive  are  simply  that  the  User  does 
not  get  the  benefit  of  the  full  function  of  the  additive.  However,  with  additive  overdosing,  there  could  be 
serious  consequences,  depending  upon  how  large  the  overdose  is.  Most  additives,  especially  in  the  case  of 
thermal  stability  additives,  consist  of  a  small  amount  of  active  ingredient  in  a  relatively  large  amount  of 
hydrocarbon  carrier.  In  the  case  of  Spec-Aid  8Q462,  of  the  256  ppm  of  bulk  as-delivered  additive  injected 
into  a  fuel,  less  than  50  ppm  is  actually  the  active  ingredient.  For  a  typical  additive,  the  active  ingredient 
usually  a  viscous  material  sometimes  consisting  of  high  molecular  weight  chemicals.  In  the  worst  case, 
overdosing  could  cause  an  overconcentration  of  active  ingredient  in  the  fuel  which  could  lead  to  undesir¬ 
able  fuel  characteristics  ranging  from  increased  existent  gum  measurements  (ASTM  D  381)  to  seriously 
detrimental  effects  like  decreased  fuel  thermal  stability.  While  it  is  very  unlikely  that  any  significant 
amount  of  fuel  overdosing  would  occur  in  the  field  primarily  due  to  the  limited  size  of  additive  day  tanks, 
none  the  less,  the  potential  exists. 


To  evaluate  the  impact  of  overdosing  additives  in  fuel,  each  additive  was  evaluated  at  both  the  normal 
concentration  (IX  =  256  mg/L)  and  high  concentration  (4X  =  1024  mg/L)  in  the  EDTST.  Figure  35 
shows  the  tabulated  results  of  these  tests.  Additive  P39  passed  EDTST  acceptance  criteria  at  both  the  lx 
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Figure  35.  EDTST  Results  -  Additive  Dosage  Study 


and  4x  dosage  rates.  At  the  4X  dosage  rate,  the  preheater  deposition  approached  the  acceptability  limit  of 
8  pg/cm2.  At  the  IX  dosage  rate,  the  Preheater  deposition  was  well  within  acceptability  limits.  Heater  de¬ 
position  for  additive  P39  tended  to  be  the  opposite  of  preheater  deposition  with  the  IX  dosage  rate  being 
slightly  higher  in  deposition  than  the  4X  dosage  rate.  However  with  the  acceptability  for  Heater  deposi¬ 
tion  being  300  pg/cm2,  the  values  of  34  pg/cm2  for  IX  and  14  pg/cm2  for  4X  are  very  well  within  the 
repeatability  limits  for  the  EDTST.  Additives  P44  and  P47  all  demonstrated  preheater  and  heater  deposi¬ 
tion  rates  within  acceptability  limits. 

Additive  P41  was  the  only  additive  that  showed  results  for  preheater  deposition  in  excess  of  the 
EDTST  acceptability  criteria  -  giving  a  deposition  rate  of  10  pg/cm2  for  the  4X  dosage  rate.  However, 
heater  deposition  remained  low  at  142  pg/cm2  for  the  4X  dosage  rate. 

Upon  subjective  examination,  the  preheater  and  heater  witness  strips  were  rated  for  each  additive  at 
the  IX  and  4X  dosage  rates.  Figure  36  shows  the  Preheater  witness  strips  for  each  additive  at  the  two  dif- 
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Figure  36.  EDTST  Preheater  Deposition  Performance  for  Additive  Evaluations 


ferent  dosage  rates.  Figure  37  shows  the  Heater  witness  strips  for  each  additive  at  the  two  different  dosage 
rates.  In  Figures  36  and  37,  all  of  the  witness  strips  have  a  similar  appearance  at  both  dosage  rates  with 
the  exception  of  additive  P41.  The  witness  strips  for  this  additive  at  the  4X  dosage  rate  show  significantly 
more  deposition  than  for  the  IX  dosage.  In  Figure  35,  the  Core  Filter  Deposition  rating  was  in  excess  of 
113,000  jag  for  the  4X  dosage.  This  is  consistent  with  the  somewhat  higher  Preheater  and  significantly 
higher  Heater  deposition  rates  and  the  appearance  of  the  preheater  witness  strips. 

While  this  single  data  point  is  insufficient  to  support  a  broad  sweep  conclusion,  one  could  easily 
conclude  that  there  is  a  potential  issue  of  increased  deposition  if  fuel  is  over-dosed  with  additive  P41.  To 
understand  this  more  thoroughly  and  to  draw  a  specific  conclusion,  additional  testing  would  have  been 
required  which  was  beyond  the  scope  of  this  effort.  However,  it  can  reasonably  be  concluded  that  while 
all  the  other  additives  showed  no  hint  of  increased  deposition  propensity  at  the  elevated  dosage  rate,  there 
might  be  concern  with  additive  P41. 

3.6  Inclusion  of  a  5^  Additive  Late  in  the  Evaluation  Program 

As  thermal  stability  evaluations  on  candidate  additives  were  being  completed,  BASF  requested 
admission  to  the  program  with  an  additive  they  believed  could  be  a  successful  candidate  for  consider¬ 
ation.  However,  since  the  program  had  already  been  established,  a  funding  and  research  plan  had  already 
been  put  in  place,  there  was  no  additional  funding  or  testing  time  available  for  a  retro-evaluation  of  their 
candidate.  After  discussion,  it  was  agreed  that  if  BASF  would  perform  its  own  evaluation  of  their  additive 
using  the  protocols  established  for  this  program  and  if  AFRL  and  DLA  agreed  that  the  testing  had  been 
performed  satisfactorily  in  accordance  with  this  protocol  and  if  the  data  showed  the  additive  was  at  least 
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Figure  3  7.  EDTST  Heater  Deposition  Performance  for  Additive  Evaluations 


as  good  as  the  other  candidate  additives  being  considered,  then  the  new  candidate  additive  would  be  able 
to  enter  the  program  at  the  start  of  Phase  II  -  Fit-For-Purpose  and  Specification  Evaluations. 

BASF  initiated  its  own  thermal  stability  evaluations  to  document  the  thermal  stability  performance 
of  their  additive.  Compliance  to  the  program  protocol  was  ensured  by  UDRI  performing  thermal  stability 
evaluations  under  a  Cooperative  Research  And  Development  Agreement  (CRADA)  with  BASF.  BASF 
also  took  the  opportunity  of  this  CRADA  to  further  refine  the  formulation  of  their  additive.  At  the  conclu¬ 
sion  of  that  CRADA  program,  BASF  demonstrated  that  their  additive,  Kerocom  69781,  internal  sample 
code  POSF-5090,  performed  at  least  as  well  as  the  currently  approved  JP-8+100  additive  from  a  thermal 
stability  perspective^. 

After  evaluating  the  data,  AFRL  and  DLA  agreed  to  accept  Kerocom  69781  as  an  approved  Phase  I 
candidate  additive  with  the  designation  “P50”.  The  Phase  I  approved  additive  suite  then  became  as  fol¬ 
lows  in  Table  3  below.  These  designations  are  carried  through  into  the  follow-on  Phase  II  program. 

NOTE:  At  the  time  this  report  will  have  been  issued .  Infineum  will  have  officially  changed  the 

designation  of  fNB-31011-33f  to  n AVI  00 fr  as  the  marketing  name  designation  and  BASF  will  have  of¬ 

ficially  changed  the  name  of ' Kerocom  69781 '  to  Keroiet®  100. 


5  Zabarnick,  S.  "Evaluation  of  BASF  Additives  for  Entry  to  JP-8+100  Phase  II:  Final  Report  For  The  Period  February  2006  to  May 
2007",  University  of  Dayton  Research  Institute  Report,  June  2007 
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Table  3.  Approved  Additives  for  Specification  Compliance/Fit-For-Purpose  Evaluations 


Ada 

Htive  Codes  and  Manufacturers 

Additive  P-Code 

POSF  Designator 

Manufacturer 

Manufacture  Code 

P39 

POSF-3974 

BP/Lubrizol 

OS  169558F 

P41 

POSF4160/4580 

GE  Betz 

Spec-Aid  8Q462 

P44 

POSF4471/4550 

Nalco 

VX-7603 

P47 

POSF4753 

Infineum/ExxonMobil 

NB-31011-33  a.k.a.  AV100 

P50 

POSF-5090 

BASF 

Kerocom  69781  (a.k.a.  Kerojet®  100) 
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4.  Conclusions  and  Recommendations 


In  summary,  the  additives  in  Table  3  were  determined  to  have  the  same  or  better  thermal  stability 
performance  in  JP-8  fuel  as  the  currently  approved  additive,  Spec-Aid  8Q462. 

These  additives  along  with  Spec-Aid  8Q462  (designated  P41)  are  recommended  for  further  evalua¬ 
tion  in  the  Phase  II  Fit-For-Purpose  and  Specification  Compliance  Testing. 
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Appendix  A  -  Additizing  Jet  A  to  JP-8  Equivalent  Using  The  Mili¬ 
tary  Standard  Additive  Package 


In  some  cases,  it  may  be  difficult  or  impossible  to  acquire  a  bona  fide  JP-8.  In  this  case,  a  'psuedo- 
JP-8?  can  be  created  from  virtually  any  spec-grade  Jet  A  or  Jet  A-l  by  the  addition  of  a  military  package 
of  additives.  Jet  A  is  a  kerosene-based  fuel,  produced  to  an  ASTM  specification.  It  has  the  same  flash 
point  as  Jet  A-l  but  a  higher  freeze  point  maximum  (-40°C).  It  is  supplied  against  the  ASTM  D1655  (Jet 
A)  specification.  Jet  A-l  is  also  a  kerosene-based  fuel.  It  is  produced  to  a  stringent  internationally  agreed 
standard,  has  a  flash  point  above  38°C  (100°F)  and  a  freeze  point  maximum  of  -47°C  (See  Table  A-l 
shows  a  brief  comparison  of  these  properties  between  Jet  A  and  Jet  A-l). 

Table  A-l.  Comparison  of  Properties  of  Jet  A  and  Jet  A-l 


Property 

Jet  A-l 

Jet  A 

Flash  Point 

>  38  °C  (100.4  °F) 

Autoignition  Temperature 

210  °C  (410  °F) 

Freeze  Point 

<  -47  °C  (-52.6  °F) 

<  -40  °C  (-40  °F) 

Jet  A-l  is  widely  available  outside  the  U.S.A.  JP-8  is  the  military  equivalent  of  Jet  A-l  with  the  addi¬ 
tion  of  a  military  package  of  additives.  This  military  package  of  additives  typically  consists  of  a  combi¬ 
nation  of  the  following: 


Fuel  System  Icing  Inhibitor  (FSII)  -  the  specification  limit  is  0.10  -  0.15  volume  % 

Static  Dissipation  Additive  (SDA)  -  the  additive  shall  be  blended  into  the  fuel  in  sufficient  concen¬ 
tration  to  increase  the  conductivity  of  the  fuel  to  within  the  range  specified  -  usually  between  200  and 
400  pS/M.  Generic  Air  Force  field  blending  guidance  is  1.5  ppm  per  T.O.  42B-1-1.  Commercial  stan¬ 
dards  indicate  Re-doping  limits  for  Static  Dissipater  additive  are  5.0  mg/L  Cumulative  concentration  for 
Stadis  450. 

Corrosion  Inhibitor/Lubricity  Improver  (CI/LI)  -  the  additization  level  is  based  on  the  particular 
additive  used.  According  to  the  JP-8  specification,  the  amount  of  CI/LI  used  shall  be  equal  to  or  greater 
than  the  minimum  effective  concentration  and  shall  not  exceed  the  maximum  allowable  concentration 
listed  in  QPL-25017.  Typical  Air  Force  field  blending  guidance  is  to  additize  CI/LI  to  15  ppm  per  T.O. 
42B-1-1.  The  concentrations  listed  in  QPL-25017  range  from  9-24  mg/L.  The  Table  A-l  contains  current 
guidance  for  the  minimum  effective  concentration  for  CI/LI  additives  in  the  QPL. 

Antioxidant  (AO)  -  N,N’-disalicylidene  1,2-propanediamine  -  The  specification  allows  for 
additizing  to  not  less  than  17.2  mg/L  nor  more  than  24.0  mg/L  to  all  JP-8  fuel  that  contains  blending 
stocks  that  have  been  hydrogen  treated  or  Synthetic  Paraffinic  Kerosene  (SPK)  derived  from  hydrotreat¬ 
ed,  hydrocracked,  or  hydroisomerized  products  of  a  Fischer-Tropsch  process.  At  the  option  of  the  sup¬ 
plier,  not  more  than  24.0  mg/L  may  be  added  to  JP-8  fuels  that  do  not  contain  hydrogen  treated  blending 
stocks  or  SPK  derived  from  hydrotreated,  hydrocracked,  or  hydroisomerized  products  of  a  Fischer- 
Tropsch  process. 

Metal  Deactivator  (MDA)  -  This  is  an  optional  additive  and  is  only  used  when  needed  to  com¬ 
ply  with  the  thermal  stability  specification  limits.  Initial  additization  dosage  is  not  to  exceed  2  mg/L. 
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Re-additization  may  occur  as  required  as  long  as  the  total  additive  used  does  not  exceed  5.7  mg/L. 
For  this  program,  where  3084  was  additized  to  a  pseudo-JP-8,  the  target  dosages  were: 

•  FSII:  0.11%  Volume 

•  SDA:  Dosage  was  used  to  target  a  conductivity  range  between  200  and  400  pS/m.  To  achieve 
this  conductivity  range,  a  dosage  rate  of  between  1.5  and  2.5  mg/L  was  used. 

•  CI/LI:  16  mg/L 

•  Antioxidant:  20  mg/L 

•  Metal  Deactivator  -  not  used 


Table  A-2.  CI/LI  Concentrations  -  QPL-2501 7 


CI/LI  Min  and  Max  Concentrations  (QPL-2501 7) 

Product 

Minimum  Effective 
Concentration 
mg/L  (g/m3) 

Maximum  Allowable 
Concentration 
mg/L  (g/m3) 

DCI-4A 

9 

24 

DCI-6A 

9 

15 

Hitec  580 

15 

22.5 

Nalco  5403 

12 

22.5 

Nalco  5405 

11 

11 

Spec-Aid  8Q22 

10 

24 

Tolad  351 

9 

24 

Tolad  441 0 

9 

22.5 

Unicor  J 

9 

22.5 
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Appendix  B  -  Isothermal  Corrosion  Oxidation  Tester  (ICOT) 


B-l.  Scope: 

The  Isothermal  Corrosion  Oxidation  Tester  (ICOT)  is  used  to  evaluate  the  effectiveness  of  thermal 
stability  additives  in  aviation  turbine  fuel  by  stressing  the  baseline  fuel  and  the  additized  fuel  at  a  con¬ 
stant  temperature  in  the  presence  of  flowing  air.  The  fuel  is  filtered  after  it  has  cooled.  The  thermal 
stability  of  the  fuel  is  measured  by  the  amount  of  solids  collected  on  a  filter. 

B-2.  Summary: 

Operating  conditions  require  100  ml  of  the  fuel  sample  to  be  stressed  at  180  °C  with  air  flowing  at 
1.3  L/hr  for  a  duration  of  5  hours.  The  fuel  sample  is  completely  cooled  then  filtered  through  a  0.7  to 
1  pm  glass  microfiber  filter.  Solids  are  measured  gravimetrically.  The  thermal  stability  of  the  baseline 
fuel  and  the  baseline  fuel  with  the  thermal  stability  additive  is  based  on  the  amount  of  solids  collected 
on  the  filter.  The  thermal  stability  additive  is  considered  acceptable  based  on  the  total  solids  produced. 

B-3.  Apparatus: 

See  ASTM  Method  D4871-88  for  a  description  of  the  apparatus.  The  filter  shall  be  a  glass  micro- 
fiber  filter  with  a  particle  retention  of  0.7  to  1  pm.  See  Figure  B-l, 


Test  Duration:  5  hrs  at  1 B0  C 

Post  Test:  Solid  deposits  that  form  in  the 
fuel  are  filtered  with  0.7  to  1  micrometer 
filter  and  weighed.  Neat  and  additized  fuel 
deposit  amounts  are  then  compared. 


f  s 


Air  at  1.3  mL/hr 


Test  Well 
180  C 


V 


Chilled  Water 
Circulation 
(through 
condenser  only) 

Test  tube 
containing 
100  niL  fuel 


Figure  B-l:  The  Isothermal  Corrosion  Oxidation  Tester  (ICOT) 
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B-4.  Materials 


Not  all  fuels  are  suitable  for  evaluating  the  thermal  stability  additive.  Some  fuels,  such  as  JPTS, 
do  not  produce  significant  deposition  (<  20  mg/L)  at  these  testing  conditions.  On  the  other  hand,  some 
fuels  will  produce  copious  amounts  of  deposits  (>  200  mg/L).  These  fuels  are  generally  fast  oxidizing 
fuels  that  may  benefit  for  a  short  period  of  time  from  the  thermal  stability  additive.  However,  over  a 
five  hour  period  either  the  additive  package  will  be  consumed  or  the  amount  of  insolubles  generated 
will  be  so  great  that  the  ability  of  the  additive  to  influence  thermal  stability  will  be  exceeded.  So,  the 
required  fuel  for  this  test  is  a  fuel  that  produces  a  moderate  amount  of  deposits  (between  50  and  200 
mg/L).  Three  suitable  fuels  must  be  used  to  evaluate  a  thermal  stability  additive.  Contact  AFRL  for 
information  on  currently  accepted  baseline  fuels. 

B-5.  Calculations: 

Report  the  amount  of  deposits  in  mg  of  solid  per  liter  of  fuel  using  the  following  formula: 

((weight  of  filter  with  deposits  in  mg)  -  (weight  of  filter  in  mg)  +  (weight  of  control  filter 
before  rinsing  in  mg)  -  (weight  of  control  filter  in  mg  after  rinsing  in  mg))  /  0.1  liter 
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Appendix  C  -  Quartz  Crystal  Microbalance  (QCM) 

C-l.  Scope: 

This  document  describes  the  Quartz  Crystal  Microbalance  System  (QCM)  which  is  used  to  ther¬ 
mally  stress  aviation  turbine  fuel  and  determine  the  quantity  of  surface  deposits  produced.  The  pur¬ 
pose  of  which  is  to  quantitatively  evaluate  the  ability  of  an  additive  to  prevent  formation  of  surface 
deposits  in  aviation  turbine  fuels. 


C-2.  Summary  of  Test  Method: 

An  aviation  turbine  fuel  or  aviation  turbine  fuel  with  additive  is  aerated  to  fully  saturate  the  fuel  with 
dissolved  oxygen.  The  fuel  is  subsequently  heated  to  140  °  C  for  15  hours.  A  quartz  crystal  microbalance  is 
used  to  monitor  the  surface  deposition  produced.  An  oxygen  sensor  is  used  to  monitor  the  oxidation  pro¬ 
cess  by  measuring  the  amount  of  oxygen  remaining  in  the  reactor  vessel  headspace.  Surface  deposits  pro¬ 
duced  on  a  quartz  crystal  oscillator  lower  its  characteristic  frequency.  This  frequency  change  is  converted 
to  a  surface  deposit  in  micrograms/cm  (jLig/cm2)  versus  time. 


C-3.  Apparatus: 

Stainless  steel  reactor.  The  reactor  consists  of  a  100  ml  316-stainless  steel  pressure  vessel  with 
access  for  the  following:  RF  feed  through,  gas  inlet  tube,  gas  outlet  tube,  thermocouple,  and  pressure 
vent.  The  reactor  is  heated  with  a  clamp-on  band  heater  and  the  temperature  is  controlled  by  a  PID 
controller  with  a  thermocouple  immersed  in  the  liquid  fuel.  The  controller  must  control  the  tempera¬ 
ture  to  within  ±0.1  °C  of  the  setpoint  during  the  entire  mn.  The  heater  must  be  capable  of  reaching 
and  stabilizing  at  the  test  temperature  in  less  than  one  hour.  A  magnetic  stirrer  and  stir  bar  are  used  to 
minimize  spatial  temperature  gradients. 

Quartz  crystal  microbalance.  The  quartz  crystals  used  are  5  MHz,  2.54  cm  diameter,  0.33  mm  thick, 
AT  cut  wafers.  The  crystals  have  gold  electrode  surfaces  and  are  overtone  polished.  An  oscillator  circuit 
tracks  the  impedance  variations  of  the  crystal,  while  a  frequency  counter  measures  the  frequency  to  a  preci¬ 
sion  of  ±0.1  Hz.  A  suitable  clamp  assembly  is  used  to  connect  the  crystal  electrodes  to  the  RF  feed  through 
of  the  reactor.  The  crystal  is  oriented  vertically  and  completely  immersed  in  the  liquid  fuel.  Satisfactory 
crystals  are  available  from  Maxtek,  Inc.,  Torrance,  CA. 

Oxidation  monitoring.  A  polarographic  oxygen  sensor  is  used  to  monitor  the  oxygen  level  in  the 
reactor  headspace.  This  sensor  should  be  approximately  0.5  inches  in  diameter  to  allow  attachment  to 
the  reactor  lid.  The  oxygen  sensor  should  be  capable  of  measuring  oxygen  levels  in  the  reactor  head- 
space  from  zero  to  100  percent  with  a  precision  of  ±0.1  %. 

Data  acquisition  system.  A  computer  data  acquisition  system  should  be  used  which  allows  the  fol¬ 
lowing  parameters  to  be  recorded  at  one  minute  intervals:  run  time,  crystal  frequency,  temperature,  and 
headspace  oxygen  concentration. 
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rf  feedthrough 


quartz  crystal  with 
wrap-around  electrode 


100  mL  s.s.  reactor 
with  band  heater 


Figure  C-l.  Quartz  Crystal  Microbalance  Reactor  Detail 


C-4.  Fuels: 

In  order  to  evaluate  a  thermal  stability  improving  additive  at  least  one  suitable  baseline  fuel  must  be 
chosen.  If  possible,  two  baseline  fuels  should  be  available  for  these  evaluations.  Any  baseline  fuel  used 
should  have  a  final  (15  hour)  deposit  between  3  and  lOpg/cm  . 

C-5.  Procedure: 

The  vessel  is  filled  with  60±1  ml  of  aviation  turbine  fuel  or  aviation  turbine  fuel  with  additive, 
and  the  reactor  lid  closed.  The  fuel  is  sparged  for  one  hour  with  air  to  insure  that  the  fuel  is  air  satu¬ 
rated.  After  sparging  is  complete  the  sparge  gas  is  turned  off  and  the  gas  inlet/outlet  valves  are  closed 
at  ambient  pressure.  At  this  point  the  heater,  which  is  set  at  140  °C,  is  turned  on  and  computer  data 
acquisition  is  begun.  The  run  time,  crystal  frequency,  reactor  temperature,  and  headspace  oxygen  con¬ 
centration  are  monitored  and  recorded  at  one  minute  intervals  by  the  data  acquisition  system.  Runs 
are  conducted  for  15  hours;  at  the  end  of  this  time  the  heater  is  turned  off.  After  the  reactor  has  cooled 
to  room  temperature,  it  is  opened  and  the  fuel  and  crystal  are  discarded.  All  surfaces  that  contact  the 
fuel  are  cleaned  repeatedly  with  an  equivolume  mixture  of  toluene,  acetone,  and  methanol  with  labora¬ 
tory  wipes,  cotton-tipped  swabs,  and  pipe  cleaner  brushes,  until  brown  deposit  residue  is  completely 


42 

Approved  for  public  release;  distribution  unlimited. 


removed.  The  reactor  must  be  completely  dry  before  another  fuels  is  tested.  The  crystal  is  replaced 
with  a  new,  unused  crystal  prior  to  each  run. 

C-6.  Data  analysis: 


The  equation  used  to  convert  frequency  change  to  mass  accumulation  is: 

Ps  =  -(2.21  x  105  g/(cm2s)V{ 

JO 

where  fo  is  the  initial  resonant  frequency,  A/ is  the  change  in  frequency  (i.e.,  the  current 

frequency  -  the  initial  frequency),  and  ps  is  the  area  surface  mass  density  (mass/area).  The  initial 
frequency, /o,  is  chosen  by  observing  the  temperature-time  heat-up  history  of  the  run  (See  Fig.  B-2).  The 
initial  time,  to,  is  when  the  reactor  stabilizes  at  the  run  temperature  (i.e.,  within  0.2  °C  of  the  temperature 
controller  set  point).  Frequency  points  that  are  not  within  0.2°  C  of  the  setpoint  are  discarded.  The  initial 
frequency  is  the  measured  frequency  at  the  initial  time.  The  above  equation  is  used  to  convert  the  measured 
frequencies  into  a  real  mass  density  versus  time.  For  example,  the  frequency  at  15  hours  is  used  to  calculate 
the  final  deposition  as  follows:  for  an  initial  frequency  of  4.988300  MHz  and  a  final  frequency  of  4.988100 
MHz 


Ps  -  -(2.21  x  10“ 


2  \4. 988, 100  -4.988,300s 
g/ (cm  s) 


\4  ' 

■>f 


4. 988, 30 02  s  2 


1.78/ig/  cm* 
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Appendix  D  -  Extended  Duration  Thermal  Stability  Test  (EDTST) 
D-l.  Scope: 

This  is  a  description  of  the  Extended  Duration  Thermal  Stability  Test  (EDTST)  and  its  application 
in  the  evaluation  of  Next  Generation  +100  additive  candidates.  The  purpose  of  the  EDTST  is  to  simu¬ 
late  the  fuel  flow  and  heat  cycle  characteristics  of  a  typical  aircraft  fuel  system  and  to  evaluate  fuels  and 
additives  under  these  conditions.  Since  this  test  does  not  operate  at  conditions  that  accelerate  thermal 
degradation  (high  temperature,  long  residence  times),  longer  duration  times  are  necessary  to  evaluate 
fuels  and  additives. 

D-2.  Summary: 

The  EDTST  subjects  the  fuels  to  specified  bulk  fuel  and  wetted  wall  temperatures  at  residence  times 
related  to  those  occurring  in  gas  turbine  fuel  systems.  A  fuel  bypass  line  is  incorporated  to  represent 
Military  aircraft  designs  for  thermal  management  that  recirculate  fuel  from  the  engine  back  to  the  air¬ 
frame  tanks.  Also,  the  fuel  is  exposed  to  the  specified  wetted  wall  temperatures  for  very  short  durations 
and  then  is  scraped.  This  is  representative  of  the  fuel  exposed  to  the  engine  injection  nozzles. 

D-3.  Apparatus: 

The  EDTST  system  consists  of  a  60  gallon  feed  tank,  an  electrical  motor  driven  gear  pump,  two 
clamshell  furnace  heaters,  and  a  scrap  tank.  A  schematic  of  the  EDTST  system  is  shown  in  Figure  D-l. 
The  first  furnace  heater  (preheater)  in  the  system  is  used  to  establish  the  desired  fuel  bulk  temperature 
into  the  second  heater  and  to  establish  the  desired  fuel  bypass  temperature.  The  fuel  bulk  temperature 
represents  the  temperature  that  results  from  aircraft  and  engine  heat  loads.  JP-8+100  fuel  will  provide  a 
capability  to  operate  at  or  above  375°F  (204°C)  bulk  fuel  temperatures. 

Another  requirement  for  JP-8+100  fuel  is  to  provide  a  wetted  wall  temperature  capability  of  500°F 
(260°C)  for  engine  fuel  injection  nozzle  design.  The  temperature  is  established  in  the  second  furnace 
heater  (main  heater)  to  represent  the  wetted  wall  temperatures  associated  with  engine  injection  nozzles. 

Both  furnace  heaters  are  0.81  meters  long  and  resistance  heated.  They  each  have  5  heating  ele¬ 
ment  zones  that  are  independently  controlled.  The  fuel  flows  upward  through  a  single  stainless  steel 
tube  in  each  heater.  The  tube  in  the  preheater  has  an  O.D.  of  1.27  cm  and  a  wall  thickness  of  0.0889 
cm.  The  tube  in  the  main  heater  has  an  O.D.  of  0.32  cm  and  a  wall  thickness  of  0.0889  cm.  Each  tube 
is  assembled  inside  a  thick  walled  furnace  tube  that  has  an  I.D.  of  2.54  cm  and  an  O.D.  of  5.08  cm.  The 
tubes  have  thermocouples  attached  to  the  outer  wall  for  measuring  wetted  wall  temperatures.  The  annu¬ 
lar  space  between  the  furnace  tube  and  heater  tubes  is  filled  with  sand.  A  typical  main  heater  assembly 
is  shown  in  Figure  D-2.  A  fuel  bypass  line  is  installed  downstream  of  the  preheater  to  represent  the 
aircraft  recirculation  line  from  the  engine  to  the  airframe  tanks.  A  water/fuel  cooler  is  installed  in  this 
line  to  represent  the  aircraft  ram  air  heat  exchanger.  A  2jli  filter  is  also  installed  in  the  line  for  4  hours 
to  measure  particles  in  the  recirculated  bulk  fuel.  Since  effects  of  recirculation  are  one  of  the  purposes 
of  this  test,  the  filter  is  installed  only  for  a  short  duration.  Aircraft  fuel  systems  will  probably  not  have  a 
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Figure  D-2.  EDTST  Heater  Diagram 
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filter  in  the  recirculation  line.  A  7jli  filter  is  also  installed  downstream  of  the  heater.  This  filter  provides 
an  indication  of  particles  that  the  fuel  nozzles  will  experience  in  the  advanced  system  design  with  a  heat 
exchanger  downstream  of  the  engine  fuel  controls.  Witness  strips  in  housings  are  located  after  the  pre¬ 
heater  and  immediately  in  front  of  the  bypass  line  heat  exchanger. 

D-4.  Procedure: 

The  feed  tank  is  filled  with  55  gallons  of  fuel  to  be  tested.  The  pump  is  turned  on  to  establish  flow 
of  1  gallon  per  hour  in  both  the  preheater  bypass  line  and  though  the  heater.  The  system  heaters  are  then 
turned  on  to  establish  a  bulk  temperature  of  375°F  out  of  the  preheater  and  a  maximum  wetted  wall  tem¬ 
perature  of  500  °F  on  the  heater  tube.  When  these  conditions  are  reached,  the  test  is  conducted  for  96 
hours.  The  feed  tank  is  refilled  at  the  48-hour  test  interval.  After  96  hours  the  heaters  are  turned  off  and 
the  heater  clamshells  are  opened  to  cool  down  the  system.  After  the  system  is  cool,  the  pumps  are  turned 
off  and  the  system  is  partially  disassembled.  The  preheater,  heater  and  heat  exchanger  tubes  are  cut  up 
in  segments  for  LECO  analysis.  The  2  and  7-micron  filters  are  also  subjected  to  LECO  analysis.  The 
witness  strips  shall  be  inspected  and  appearance  due  to  deposition  shall  be  noted  systems.  The  EDTST 
system  is  computer  controlled  and  can  run  unattended  for  long  periods  of  time. 

D-5.  Baseline  Fuel  Selection 

To  select  fuels  as  baseline,  tests  shall  be  conducted  at  350°F  bulk  fuel  and  500°F  wetted  wall  tem¬ 
perature  conditions.  A  fuel  will  be  considered  acceptable  for  use  as  a  baseline  fuel  if,  after  a 

96-hour  test  run  without  additive,  it  meets  the  following  criteria: 

•  Preheater  tube  segment  maximum  deposition  of  >  5  and  =  20,  pg/cm2 

•  Heater  tube  segment  maximum  deposition  of  =  1000  pg/cm2 

•  Deposition  in  the  7-micron  filter  of  =  10,000  pg 

D-6.  Reporting: 

Report  the  following  for  each  baseline  fuel  and  additized  fuel. 

a)  The  quantity  of  carbon  deposition  on  the  preheater,  heater,  and  heat  exchanger  tube  segments. 

The  deposit  per  tube  segment  is  divided  by  the  surface  area  and  reported  in  units  of  pg/cm2.  Typical 
plots  used  to  report  the  results  are  shown  in  Figures  E3,  E4  and  E5.  It  should  be  noted  that  the  bulk  tem¬ 
perature  was  350°F  for  the  JP-8  Fuel  and  400°F  for  the  JP-8+100  (Betz  8Q462,  POSF-3549)  fuel  for  the 
plots. 

b)  The  amount  of  the  filter  deposits  in  units  of  pg’s. 

c)  Inspection  of  the  witness  strips  shall  be  conducted  and  their  appearance  in  regards  to  deposition 
shall  be  noted. 
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Appendix  E  -  Advanced  Reduced  Scale  Fuel  System  Simulator 
(ARSFSS) 

E-l.  Scope: 


The  Advanced  Reduced  Scale  Fuel  System  Simulator  (ARSFSS)  is  designed  to  closely  simulate  the 
hardware,  thermal  and  fuel  flow  characteristics  of  an  advanced  aircraft  fuel  system.  It  provides  the  last 
analysis  of  potential  new  fuels  and  additives  prior  to  going  into  actual  engine  testing. 


E-2.  Summary: 


The  Advanced  Reduced  Scale  Fuel  System  Simulator  was  designed  to  realistically  simulate  the  ther¬ 
mal  and  flow  profiles  of  the  fuel  system  (airframe  and  engine  )of  an  advanced  aircraft.  The  simulator 
consists  of  three  integrated  subsystems:  1)  the  fuel  conditioning  system,  2)  the  airframe  fuel  system,  and 
3)  the  engine  fuel  system.  A  schematic  of  the  simulator  is  shown  in  Figure  E-l.  The  simulator  is  current¬ 
ly  configured  to  simulate  the  F-22  aircraft  with  the  FI  19  engine.  The  fuel  flow  established  in  the  simula¬ 
tor  is  1/72  scale  of  the  FI  19  engine  and  the  bum  flow  is  1/3  of  the  flow  for  a  single  FI  19  fuel  nozzle. 
The  total  fuel  required  for  each  test  ranges  from  900  to  1200  gallons,  depending  on  the  mission  profile 
and  the  number  of  missions  executed. 
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Figure  E-l.  ARSFSS  Flow  Diagram  (Typical) 
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E-3.  Apparatus 


To  the  extent  possible,  full-scale  actual  engine  hardware  has  been  incorporated  into  the  engine  por¬ 
tion  of  the  simulator  to  evaluate  the  impact  of  fuel  deposits  on  component  performance.  These  include  a 
Flow  Divider  Valve  (FDV)  and  two  servo  valves.  The  FDV  (Figure  E-2)  is  an  actual  FI  19  valve  that  has 
been  modified  by  changing  the  slot  width  to  allow  the  stroke  of  the  valve  during  Simulator  operations  to 
approximate  the  stroke  of  that  same  valve  when  operated  in  the  actual  engine.  The  servo  valves  (Figure 
E-3)  are  modified  versions  of  the  second  stage  of  an  FI  19  Electro-Hydraulic  Servo  Valve  (EHSV).  The 


materials,  clearances  and  function  is  representative  of  the  Servo  Valves  on  the  FI  19  engine.  The  perfor¬ 
mance  of  the  FDV  and  Servo  Valves  is  determined  by  measurement  and  comparison  of  valve  hysteresis 
pre-  and  post-test  as  well  as  visual  inspection  of  valve  components. 

Simulations  of  the  Fuel-Cooled  Oil  Cooler  (FCOC)  and  the  Burner  Feed  Arm  (BFA)  are  also  incor¬ 
porated  to  study  thermal  stability  effects.  The  FCOC  represents  the  engine  lube  oil  cooler.  It  consists  of 
an  induction  heater  and  a  steel  manifold  with  three  3/8”  tubes  and  associated  thermocouples.  The  tubes 
are  connected  via  a  manifold  and  provide  for  three  passes  through  the  heater.  The  tube  that  is  used  for 
the  final  pass  is  removed  after  each  test.  It  is  cut  into  2  inch  segments  and  subjected  to  carbon  analysis. 
The  burner  feed  arm  is  RE  induction  heated.  It  consists  of  a  steel  clamshell  with  a  1/8  inch  stainless  steel 
tube  installed  in  middle  of  the  clamshell.  Thermocouples  on  the  outside  of  the  tube  are  positioned  along 
the  entire  length  to  measure  the  temperature  profile  of  the  tube.  At  the  end  of  the  tests,  this  tube  is  cut  up 
into  1-inch  segments  and  subjected  to  carbon  analysis  as  well.  A  bulk  fuel  temperature  of  350°F  (177°C) 
out  of  the  FCOC  and  a  wetted  wall  temperature  of  500°F  (260°C)  in  the  BFA  form  the  baseline  test  con¬ 
ditions  that  are  typically  used  for  testing. 

E-4.  Determining  Flow  Divider  Valve  and  Servo  Valve  Hysteresis  in 
the  Advanced  Reduced  Scale  Fuel  System  Simulator  (ARSFSS) 

E-4.1  What  Is  Hysteresis? 

Hysteresis  in  a  valve  can  basically  be  described  as  the  tendency  of  the  performance  of  the  valve  (in 
terms  of  flow  through  the  valve  vs.  valve  position)  to  be  dependent  on  its  previous  position.  Hysteresis 
leads  to  varying  degrees  of  inaccuracy  relative  to  valve  actuation  and  operating  forces  and  can  drastically 
affect  the  performance  of  an  aircraft  systems  and  subsystems. 
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Under  the  best  of  circumstances,  a  well  designed  and  well-functioning  control  valve  has  little  or  no 
hysteresis  thereby  allowing  the  control  algorithms  that  predict  and  impose  control  movements  to  do  so 
reliably  and  accurately.  As  hysteresis  increases,  control  algorithms  may  not  properly  compensate  and  sys¬ 
tem  control  can  become  unstable.  When  this  happens,  control  can  depart  from  normal  calibration  and  can 
result  in  modified  performance  or  under  severe  circumstances,  out-of-control  performance.  Of  course  in 
a  flight  system,  the  occurrence  of  he  later  can  be  detrimental  to  aircraft  system  safety  and  good  ordered 
and  controlled  flight. 

For  the  ARSFSS,  fuel  system  valve  hysteresis  typically  results  from  one  or  two  occurrences:  either 
there  is  coke/varnish/gum  in  the  valve  that  hinders  normal  movement  of  valve  components  or  there  is 
wear  of  moving  valve  components  which  changes  clearances  of  moving  valve  parts.  While  there  is 
always  the  possibility  that  wear  can  happen  in  the  short  duration  time-frames  experienced  during  an 
ARSFSS  test,  it  is  far  more  likely  that  any  change  in  valve  hysteresis  is  the  result  of  the  presence  of 
gums,  varnishes  or  coke  deposits  from  fuel. 

In  order  to  determine  the  hysteresis  characteristics  in  a  valve,  the  valve  must  be  tested  on  a  flow 
bench  by  measuring  the  flow  through  the  valve  based  on  it  closed  or  open  position.  To  do  this,  flow  mea¬ 
surements  are  made  starting  with  the  valve  completely  closed  and  at  various  degrees  of  openness  until 
the  valve  is  fully  open.  Then,  with  the  valve  fully  open,  flow  measurements  are  made  starting  at  this  full 
open  position  and  then  at  various  degrees  of  closure  until  the  valve  returns  to  a  fully  closed  position.  In 
general,  a  data  curve  similar  to  that  in  Figure  F-l  is  generated  from  this  data.  Once  the  flow  measure¬ 
ments  are  made,  data  is  plotted  and  calculations  of  %Hysteresis  are  made  according  to  the  equation  : 


%Hysteresis  = 


( FLOWdec  -  FLOWmc\ 

\  FLOWinc  / 


(1) 


Where  : 

FLOWdec  =  Flow  through  the  valve  measured  when  manipulating  the  valve  from  OPEN  to  CLOSED 
FLOWjnc  =  Flow  through  the  valve  measured  when  manipulating  the  valve  from  CLOSED  to  OPEN 

The  following  paragraphs  describe  how  this  hysteresis  measurement  is  made  for  the  Flow  Divider 
Valve  and  Servo  Valve  on  the  ARSFSS. 

E-4.2  Servo  Valve  (SV) 

The  SV  on  the  ARSFSS  is  a  hydraulically  actuated  spool  and  sleeve  valve  and  designed  to  emu¬ 
late  the  second  stage  (hydraulic  stage)  of  a  typical  Electro  Hydraulic  Servo  Valve  (EHSV)  used  in  fuel 
systems.  In  an  EHSV,  the  first  stage  of  the  control  is  an  electrical  servo  mechanism  that  responds  to  an 
input  current  or  voltage.  Increasing  current  or  voltage  results  in  a  small  movement  of  the  electrical  servo 
components.  The  electrical  servo  components  are  coupled  to  a  hydraulic  component  -  the  second  stage 
of  the  control  of  the  valve.  The  hydraulic  portion  of  the  valve  consists  of  a  spool  and  sleeve  arrangement 
where  a  specially  designed  spool  moves  within  a  sleeve.  Movement  of  the  spool  causes  clearances  within 
the  spool/sleeve  assembly  to  change  and  thus,  control  flow  through  the  valve.  Because  the  hydraulic  por¬ 
tion  of  the  valve  is  driven  by  pressures  within  the  fuel  system,  the  small  forces  generated  by  electrically 
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positioning  the  electrical  servo  portion  of  the  valve  are  amplified  by  system  hydraulic  pressures  resulting 
in  a  substantial  moving  force  being  applied  to  a  hydraulic  component.  These  combined  electrical  and 
hydraulic  components  give  engine  manufactures  the  ability  to  exert  substantial  hydraulic  forces  upon  the 
fuel  system  control  using  small  electrical  forces. 

For  the  ARSFSS,  the  electrical  servo  mechanism  has  been  removed  and  just  the  second  stage  hydrau¬ 
lic  components  are  changed.  To  generate  the  Valve  Control  Delta-P  vs.  Flow  data  curve,  the  ARSFSS 
engine  pump  is  operated  at  high  RPM  to  generate  fuel  pressures  necessary  to  actuate  the  SV.  Fuel  flow 
from  the  pump  is  regulated  by  a  control  valve  (FCV801)  starting  with  the  control  valve  open  to  about 
75%  which  applies  pressure  to  the  SV  and  forces  it  to  a  ‘closed’  position.  Since  the  SV  is  not  a  ‘shut¬ 
off’  valve,  there  is  always  flow  through  the  valve  to  some  degree.  With  FCV801  at  75%  (SV  essentially 
closed),  a  flow  measurement  is  made  once  it  is  determined  that  the  flow  through  the  valve  is  stabilized. 
Once  that  measurement  is  taken,  FCV801  is  put  to  70%  open  and  another  measurement  of  flow  is  made. 
This  stepwise  closing  of  FCV801 /opening  of  the  SV  continues  in  5%  increments  until  the  SV  is  essen¬ 
tially  full  open  (which  is  about  30%  on  FCV801).  Once  the  final  flow  measurement  is  made  at  this  con¬ 
dition,  FCV801  is  changed  again,  in  5%  increments  until  FCV801  is  back  at  the  starting  position  of  75%. 
Of  course,  flow  measurements  are  made  at  each  of  these  incremental  positions  and  the  results  tabulated. 

These  SV  measurements  are  made  on  the  SV  as  installed  in  the  ARSFSS  both  pre-test  and  post-test. 
The  cyclic  measurement  process  is  executed  a  minimum  of  two  and  a  maximum  of  three  times  and  the 
data  collected  and  tabulated  (See  Figures  E-5  and  E-6  as  examples).  The  cyclic  measurement  process 
is  repeated  because  it  is  common  for  the  first  sequence  of  measurements  to  be  ‘off’  slightly  as  a  result 
of  the  valve  ‘seating’  itself  and  getting  fully  wetted  and  lubricated  with  fuel.  The  second  measurement 
series  tends  to  be  more  what  is  actually  experienced  when  the  SV  is  in  test  mode.  The  third  and  final 
series  tends  to  virtually  duplicate  the  second  series  so  it  is  most  times  not  performed.  In  the  post-test 
mode,  the  third  series  is  only  performed  if  there  are  too  many  anomalies  evident  in  the  first  two  series 
because  valve  movement  tends  to  remove  deposition  from  the  valve  thereby  returning  the  valve  to  a 
near-pre-test  condition  and  thus  eliminating  the  ability  to  assess  the  impact  of  coking  on  valve  perfor¬ 
mance. 


E-4.3  Flow  Divider  Valve  (FDV) 

The  FDV  on  the  ARSFSS  represents  the  valve  that  controls  primary  and  secondary  burn  flows  in  the 
engine  combustor  nozzle.  At  low  engine  speeds,  the  engine  fuel  pump  generates  low  pressures  and  the 
FDV  remains  closed,  allowing  only  primary  orifice  fuel  flow  to  the  combustor.  At  higher  engine  speeds 
(higher  thrust),  the  engine  fuel  pump  pressure  causes  the  FDV  to  open  sending  fuel  flow  to  the  second¬ 
ary  orifice  in  the  fuel  nozzle  thus  giving  the  engine  the  fuel  necessary  for  the  thrust  levels  required. 

This  FDV  is  subjected  to  high  temperatures  often  in  the  300+  °F  range.  At  these  temperatures,  coking 
can  occur  which  can  affect  the  way  the  FDV  operates  and  responds  to  engine  fuel  pump  pressures  thus 
potentially  changing  the  performance  curve  parameters  of  the  valve. 

As  with  the  SV,  a  series  of  measurements  are  made  on  this  valve  both  pre-  and  post-test.  To  get  the 
Flow  vs.  Pressure  Delta-P  data  for  the  valve,  the  ARSFSS  engine  pump  is  operated  at  high  speed.  Flow 
control  valve  FCV301  is  used  to  regulate  flow  to  the  FDV.  The  initial  data  point  is  taken  with  FCV301 
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Fully  Closed  Fully  Open 

Valve  Open/Closed  Position 

Figure  E-4.  Generic  Hysteresis  Flow  Curve 

at  10%  open.  Fuel  flow  through  the  FDV  and  the  fuel  differential  pressure  across  the  FDV  are  measured. 
Flow  control  valve  FCV301is  opened  in  increments  of  10%  and  flow  and  differential  pressure  measure¬ 
ments  are  made  at  each  incremental  position  until  FCV301  if  fully  open.  Once  this  fully  open  position  is 
attained,  a  reverse  incremental  positioning  of  FCV301  is  executed  until  it  is  again  at  10%.  At  each  incre¬ 
mental  position,  both  flow  through  the  FDV  and  fuel  differential  pressure  across  the  FDV  are  measured 
and  tabulated  (See  Table  F-2).  These  measurements  are,  of  course,  made  both  pre-  and  post-test. 

E-4.4  Analysis  of  Hysteresis  Data 

Of  course,  the  goal  of  these  measurements  is  to  determine  the  maximum  amount  of  hysteresis  expe¬ 
rienced  by  the  SV  and  FDV  as  a  result  of  fuel  deposition.  To  do  this,  two  ‘check  flow’  points  are  picked 
-  a  high  flow  checkpoint  and  a  low  flow  checkpoint.  Check  flow  points  chosen  are  not  at  the  extreme 
ends  of  the  stroke  of  the  valve  because  at  these  ends,  the  clearances  of  a  valve  nearly  closed  or  nearly 
open  are  subject  to  ‘end  effects’  which  results  in  anomalous  and  unrepeatable  behaviors  in  these  areas. 
Instead,  check  flow  points  are  chosen  at  about  20%-30%  and75%-85%  of  the  stroke  range.  For  the  FDV, 
check  points  of  140  PSID  and  190  PSID  corresponding  to  flow  rates  of  approximately  45  pounds  of  fuel 
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per  hour  (PPH)  and  110  PPH  respectively.  For  the  SV,  these  check  flow  points  are  typically  175  PSID 
and  130  PSID  corresponding  to  flow  rates  of  4-5  PPH  and  100  PPH  respectively. 

Since  it  is  virtually  impossible  to  ‘hit’  the  flow  check  points  during  the  flow  hysteresis  measurement 
and  tabulation  phase  of  this  analysis,  a  least-squares  linear  fit  is  applied  to  the  data  so  that  a  flow  rate 
through  either  the  SV  or  FDV  can  be  calculated  at  specific  points.  Once  the  valve  flow  is  calculated  at 
the  check  flow  points  from  this  linear  curve  fit  analysis,  the  pre-  vs.  post  test  hysteresis  value  is  calcu¬ 
lated  from  the  ‘flow  increasing’  and  ‘flow  decreasing’  least-squares  linear  fit.  The  goal  is  that  pre-  vs. 
post-test  hysteresis  at  the  flow  checkpoints  should  be  less  than  7%.  This  limit  was  chosen  based  on  rec¬ 
ommendations  from  Pratt  &  Whitney  which  indicated  that,  for  the  SV  and  FDV,  as  at  values  higher  than 
7%,  fuel  flow  control  is  compromised.  The  percent  hysteresis  value  is  calculated  according  to  equation 
(1). 
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Figure  E-5.  Generic  Hysteresis  Flow  Data 


E-4.5  Operations 

A  generic  FI  19  mission  profile  was  developed  based  on  potential  mission  flight  conditions  that  the 
aircraft  might  experience  over  its  lifetime.  This  mission  profile,  call  a  Generic  Durability  Test  Cycle 
(GDTC)  is  the  ‘standard’  mission  profile  used  to  evaluate  the  deposition  tendencies  of  the  fuel  or  addi¬ 
tive  under  evaluation  (See  Figure  E-7).  A  comparison  of  the  deposits  produced  in  the  FCOC  and  BFA 
along  with  an  evaluation  of  the  hysteresis  in  FDV  and  Servo  Valves  provides  an  assessment  of  the  per¬ 
formance  of  a  fuel  and/or  additives  at  the  GDTC  conditions. 
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Flow  Divider  Valve  (FDV)  Hysteresis  Check 
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Figure  E-6.  Generic  Hysteresis  Flow  Data 


Recirculation,  Core  and  Total  Fuel  Flows 
Typical  Additive  Evaluation  Mission 


^^“Total  Flow  Co  re  Flow  ^^“Recirc  Flow 


Figure  E-7.  ARSFSS  Generic  Mission  Core  and  Recirculation  Burn  Fuel  Flows 
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E-4.6  Data  Reporting: 


The  following  data  will  typically  be  reported:  FCOC  carbon  burnoff 

•  BFA  carbon  burn-off 

•  Visual  appearance  of  valves  and  components 

•  Hysteresis  measurements  on  Servo  Valves  and  Flow  Divider  Valves 

•  Any  other  pertinent  data 

E-4.7  Pass/Fail  Criteria  and  Interpreting  ARSFSS  Results 

While  the  ARSFSS  makes  a  faithful  attempt  at  a  high  integrity  simulation  of  an  aircraft  and  engine 
fuel  system,  insufficient  data  exists  to  tie  simulator  results  obtained  in  a  fixed  number  of  missions  to 
actual  aircraft/engine  performance  degradation  in  real-world  time.  This  is  due  to  many  factors  -  including 
the  reduced  scale  of  operation  and  the  use  of  a  generic  mission  which  represents  a  compilation  of  operat¬ 
ing  conditions  and  mission  styles. 

Given  this,  the  ARSFSS  data  is  typically  viewed  in  a  comparison  mode  or  maybe  more  aptly 
described  as  a  'do  no  harm'  mode.  In  this  mode,  baseline  and  data  tests  are  run  at  the  same  conditions. 
The  data  from  the  baseline  and  data  runs  are  then  compared.  A  successful  data  run  is  one  in  which  the 
comparative  data  between  baseline  and  data  runs  are  the  same  (within  reason).  Therefore  a  test  is  con¬ 
sidered  a  'passing'  test  if  the  results  show  no  significant  deviation  from  the  same  results  of  a  baseline  test. 

For  this  program,  a  two-tier  baseline  approach  was  used.  The  first  tier  baseline  was  a  standard  JP-8 
with  the  military  package  of  additives.  The  second  tier  baseline  was  a  fuel  additized  with  the  currently 
accepted  Betz  additive.  Candidate  additives  were  considered  to  'pass'  the  ARSFSS  if  they  did  not  deviate 
significantly  from  second  tier  baseline.  Comparison  to  the  first  tier  baseline  was  primarily  to  demonstrate 
the  overall  impact  on  thermal  stability  for  each  additive. 
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